PROTECTIVE  STRATEGIES  AGAINST  MYOCARDIAL  ISCHEMIA- 
REPERFUSION  INJURY:  EXERCISE  AND  NUTRITIONAL  ANTIOXIDANTS 


By 


KARYN  L.  HAMILTON 


A DISSERTATION  PROPOSAL  PRESENTED  TO  THE  GRADUATE  SCHOOL  OF 
THE  UNIVERSITY  OF  FLORIDA  IN  PARTIAL  FULFILLMENT  OF  THE 
REQUIREMENTS  FOR  THE  DEGREE  OF  DOCTOR  OF  PHILOSOPHY 


UNIVERSITY  OF  FLORIDA 


2000 


ACKNOWLEDGMENTS 


This  project  could  not  have  been  completed  without  the  cooperation  of  many 
individuals.  Above  all,  I would  like  to  convey  my  most  heartfelt  appreciation  to  my 
committee  chair  and  mentor,  Dr.  Scott  Powers,  for  his  unending  support  and 
encouragement  throughout  my  doctoral  program  at  the  University  of  Florida.  His 
enthusiasm,  availability,  and  dedication  to  his  students  and  the  pursuit  of  scientific 
understanding  remain  unmatched  by  anyone  with  whom  I have  come  in  contact.  I will 
always  be  one  of  his  greatest  admirers. 

I would  also  like  to  thank  my  doctoral  committee,  Drs.  Stephen  Dodd.  Christiaan 
Leeuwenburgh,  and  Ralph  Dawson,  for  their  patience  and  expertise  throughout  these 
experiments.  Additionally,  I would  like  to  thank  my  two  student  mentors,  Jeff  Coombes 
and  Haydar  Demirel.  Without  their  guidance  during  my  first  years  in  the  laboratory,  the 
road  to  finishing  this  Ph.D.  would  have  been  much  rockier  and  far  less  enjoyable.  Many 
of  my  coworkers  also  contributed  to  the  success  of  this  project.  These  individuals 
include  Shannon  Lennon,  Tracey  Phillips,  Andrea  Hess,  April  Childs,  Thomas 
Koesterer,  Wes  Smith,  and  Andy  Shanely.  A very  special  thank  you  goes  to  Jessica 
Staib,  without  whom  I could  not  have  completed  this  project.  Finally,  1 would  like  to 
express  my  gratitude  to  my  mother  who  has  always  been  my  greatest  source  of  support, 
encouragement,  and  strength.  A portion  of  this  degree  belongs  to  her. 

This  work  was  supported  by  a grant  from  the  American  Heart  Association  - Florida 
Affiliate. 


11 


TABLE  OF  CONTENTS 


page 

ACKNOWLEDGMENTS ij 

TABLE  OF  CONTENTS Hi 

LIST  OF  TABLES 

LIST  OF  FIGURES vi 

CHAPTERS 

INTRODUCTION 1 

Significance 2 

Specific  Aims 3 

Hypothesis  Justification 4 

2.  REVIEW  OF  RELATED  LITERATURE 7 

Introduction 7 

Myocardial  Ischemia-Reperfusion  Injury 8 

Reactive  Oxygen  Species  and  Ischemia-Reperfusion  Injury 9 

Sources  of  reactive  oxygen  species 9 

Myocardial  lipid  peroxidation 1 1 

Myocardial  protein  oxidation 1 1 

Antioxidant  Defense  Mechanisms 12 

Vitamin  E 13 

Vitamin  C 15 

Glutathione 16 

Carotenoids 1 7 

Flavonoids 1 8 

Ubiquinones 19 

Heat  Shock  Proteins:  An  Overview 21 

Overview  of  HSP  families 22 

Biochemical  roles  of  70-kDa  HSPs 24 

Regulation  of  HSP  induction 25 

HSP72  and  cytoprotection 26 

HSP72  and  protection  against  myocardial  ischemia-reperfusion  injury 27 

Exercise-induced  HSP72  expression  and  myocardial  protection 27 

Summary 29 

iii 


3.  METHODS  AND  PROCEDURES 31 

Animals  and  Experimental  Design 31 

Exercise  Training  Protocol 33 

In  Vivo  Myocardial  Ischemia-Reperfusion  Protocol 33 

Measurement  of  Cardiac  Contractile  Function 34 

Assessment  of  Myocardial  Infarction  Size 35 

Tissue  Removal,  Storage,  and  Preparation 36 

Tissue  removal 36 

Preparation  of  protein  extract 36 

Polyacrylamide  Gel  Electrophoresis  and  Western  Blotting 37 

Assessment  of  Myocardial  Antioxidant  Status 37 

Biochemical  assessment  of  antioxidant  enzyme  activity 37 

Total  antioxidant  capacity  assay 38 

Biochemical  Indicators  of  Oxidative  Stress 39 

Lipid  peroxidation  measurements 39 

Protein  oxidation 40 

Model  Justification 41 

Statistical  Analyses 42 

4.  RESULTS 43 

Overview  of  Experimental  Findings 43 

Antioxidant  Intake 43 

Myocardial  Contractile  Function 44 

Myocardial  Infarction 46 

Myocardial  HSP72  Accumulation 47 

Total  Antioxidant  Capacity 49 

Myocardial  Antioxidant  Enzyme  Activity 49 

Lipid  Peroxidation 51 

Protein  Oxidation 53 

5.  DISCUSSION 55 

Overview  of  Principal  Findings 55 

Exercise-Associated  Cardioprotection  and  HSP72 56 

Exercise  and  Antioxidants  Attenuate  Infarction  Size 57 

Antioxidant  Supplementation  and  Myocardial  Antioxidant  Capacity 58 

Myocardial  Lipid  Peroxidation 58 

Myocardial  Protein  Oxidation 60 

Possible  Mechanisms  of  Exercise-Associated  Cardioprotection 62 

Summary  and  Conclusions 64 

REFERENCES 66 

BIOGRAPHICAL  SKETCH 91 


IV 


LIST  OF  TABLES 


Table  Page 

1 . Antioxidant  diet  composition 31 

2.  Food  and  antioxidant  intake 44 

3.  Summary  of  the  effects  of  exercise  training  and  antioxidant  supplementation  on 

endogenous  antioxidant  enzyme  activity 51 


v 


LIST  OF  FIGURES 


Figure  Page 

1 . Experimental  design 32 

2.  Left  ventricular  developed  pressure 45 

3.  Risk  area  expressed  as  a percentage  of  the  heart 46 

4.  Infarction  are  expressed  as  a percentage  of  the  area  at  risk 47 

5.  Representative  heart  sections  stained  for  infarction  following  long-term  I-R 47 

6.  Left  ventricular  HSP72 48 

7.  Assessment  of  total  antioxidant  status 50 

8.  Left  ventricular  lipid  peroxidation 52 

9.  Left  ventricular  protein  thiol  concentration 53 

10.  Left  ventricular  protein  carbonyl  concentration 54 


vi 


Abstract  of  Dissertation  Presented  to  the  Graduate  School 
of  the  University  of  Florida  in  Partial  Fulfillment  of  the 
Requirements  for  the  Degree  of  Doctor  of  Philosophy 

PROTECTIVE  STRATEGIES  AGAINST  MYOCARDIAL  ISCHEMIA- 
REPERFUSION  INJURY:  EXERCISE  AND  NUTRITIONAL  ANTIOXIDANTS 

By 


Karyn  L.  Hamilton 


December,  2000 


Chairman:  Scott  K.  Powers,  Ed.D.,  Ph.D. 

Major  Department:  Exercise  and  Sport  Sciences 

Numerous  investigations  indicate  that  increasing  myocardial  heat  shock  protein 
(HSP)  content,  as  well  as  enhancing  myocardial  antioxidant  capacity,  is  associated  with 
an  attenuation  of  damage  resulting  from  ischemia-reperfusion  (I-R).  Therefore, 
developing  strategies  to  increase  myocardial  antioxidant  capacity  and/or  HSPs  is 
important  for  minimizing  ischemic  injury.  We  have  recently  shown  that  exercise- 
training or  antioxidant-enriched  diets  can  independently  decrease  I-R-induced 
myocardial  injury  in  vivo.  Although,  exercise  and  antioxidants  can  both  protect  the  heart 
against  I-R-induced  injury,  the  interaction  between  these  two  interventions  has  not  been 
investigated.  Because  exercise  and  antioxidants  may  provide  cardioprotection  via 
different  mechanisms,  it  is  possible  that  the  combination  of  the  two  could  provide 


Vll 


additive  protection.  Alternatively,  because  oxidants  may  play  a vital  role  in  the 
induction  of  HSPs,  antioxidant  supplementation  may  attenuate  exercise-related 
cardioprotection.  These  experiments  examined  the  individual  and  combined  effects  of 
exercise-training  and  antioxidants  on  responses  to  in  vivo  myocardial  I-R  in  adult  rats. 
Animals  were  randomized  to  receive  either  an  antioxidant-supplemented  diet  or  a 
control  diet.  Following  6 weeks  of  feeding,  rats  were  assigned  to  either  an  exercise- 
training group  (five  days  treadmill  running)  or  a sedentary  control  group.  Finally,  rats 
were  randomized  to  one  of  three  surgical  treatments:  (1)  short-term  I-R;  (2)  long-term  I- 
R;  or  (3)  sham.  Antioxidant  supplementation  attenuated  the  exercise-associated 
accumulation  of  a 72  kDa  HSP.  Nonetheless,  during  short-term  I/R.  exercised  groups 
demonstrated  improved  (p<0.05)  cardiac  contractile  performance  regardless  of  diet. 
Compared  to  control  diet/sedentary  animals,  long-term  I/R  resulted  in  a smaller 
infarction  in  all  groups.  The  combination  of  exercise  and  antioxidants  resulted  in  the 
greatest  protection  against  infarction.  Antioxidant  supplementation,  regardless  of 
training,  protected  the  myocardium  from  lipid  peroxidation  and  protein  oxidation.  While 
both  exercise  and  antioxidants  appear  to  provide  cardioprotection  during  I-R  insults,  no 
synergistic  or  antagonistic  relationship  was  evident. 
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CHAPTER  1 
INTRODUCTION 

Cardiac  injury  resulting  from  ischemia-reperfusion  (I-R)  is  an  important  clinical 
problem  with  ischemia-induced  pathological  processes,  such  as  heart  disease, 
constituting  the  single  greatest  cause  of  death  in  this  country.  Hence,  developing 
interventions  that  can  protect  the  myocardium  from  I-R  associated  damage  is  an 
important  research  endeavor. 

Recent  investigations  strongly  suggest  that  heat  shock  proteins  (HSPs)  of  the  70  kDa 
family  are  important  in  protecting  cells  from  ischemia-reperfusion  (I-R)  induced  injury. 
It  has  been  demonstrated  that  endurance  exercise  training  elevates  myocardial  HSP72  in 
young  adult  rats.  Importantly,  this  exercise-induced  increase  in  HSP72  is  associated 
with  cardioprotection  during  I-R.  While  the  specific  exercise-induced  cellular  changes 
responsible  for  signaling  an  up-regulation  of  HSPs  remain  unclear,  an  increased 
production  of  reactive  oxygen  species  (ROS)  has  been  implicated. 

While  ROS  may  serve  as  a necessary  signal  for  induction  of  protective  HSPs,  it  is 
clear  that  ROS  contribute  to  I-R  induced  injury  to  the  myocardium.  Enhanced 
antioxidant  defenses  can  provide  protection  against  ROS-mediated  injury.  Recent 
investigations  have  shown  that  increasing  myocardial  antioxidant  capacity  attenuates  I- 
R-mediated  oxidative  damage.  However,  little  is  known  about  the  effects  of  antioxidant 
supplementation  on  induction  of  myocardial  HSPs.  If  oxidative  stress  is,  indeed,  a key 
signal  for  inducing  HSPs,  supplementation  with  antioxidant  nutrients  may  result  in  an 
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attenuation  of  the  HSP  response  to  exercise  stress.  Therefore,  the  aims  of  this  study 
were  as  follows:  (1)  to  investigate  the  individual  and  combined  effects  of  short  term 
exercise  training  and  supplementation  with  nutritional  antioxidants  on  the  expression  of 
HSPs  in  the  70  kDa  family  and  (2)  to  examine  the  effect  of  short  term  exercise  training 
and  supplementation  with  nutritional  antioxidants  on  protection  against  myocardial 
ischemia-reperfusion  injury. 

Significance 

Heart  disease  is  the  most  prevalent  chronic  disease  in  the  United  States,  accounting 
for  approximately  1.5  million  myocardial  infarctions  per  year  (206).  Therefore, 
strategies  for  protecting  the  myocardium  against  ischemic  insults  are  clearly  needed. 
Exercise  training,  for  example,  has  been  shown  to  provide  cardioprotection  during 
ischemia-reperfusion  (I-R),  perhaps  in  association  with  induction  of  heat  shock  proteins 
(HSPs).  Another  potential  strategy  for  providing  enhanced  defenses  against  I-R  induced 
cardiomyocyte  injury  is  via  supplementation  with  nutritional  antioxidants  (8,69,72,74, 
86-87,124,128,158,166,201,218).  The  mechanisms  by  which  exercise  and  nutritional 
antioxidants  provide  myocardial  protection  are  not  fully  understood.  Whether  the 
interaction  between  antioxidant  supplementation  and  exercise  training  on  providing 
protection  during  myocardial  I-R  is  synergistic  versus  antagonistic  remains  unknown. 

The  results  of  these  experiments  help  elucidate  the  impact  of  exercise  and  nutritional 
antioxidant  interventions  on  the  extent  of  I-R  induced  contractile  dysfunction, 
myocardial  infarction,  and  oxidative  injury,  as  well  as  the  ability  of  myocardial  cells  to 
up-regulate  HSP  expression.  Collectively,  these  experiments  provide  important  progress 
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toward  developing  successful,  practical  strategies  to  increase  myocardial  defenses 
against  I-R  injury. 

Specific  Aims 

Exercise  training  and  antioxidant  supplementation  are  interventions  that  have  been 
independently  shown  to  provide  protection  against  myocardial  I-R  damage  (24,43- 
44,52,54,93-94,198,233).  The  overall  purpose  of  this  study  was  to  investigate  the 
individual  and  combined  effects  of  short-term  exercise  training  and  supplementation 
with  nutritional  antioxidants  on  myocardial  protection  during  I-R.  Specifically,  the 
following  questions  were  addressed. 

Question  1 

What  is  the  effect  of  short-term  exercise  training  and  nutritional  antioxidant 
supplementation  on  induction  of  70  kDa  HSPs  compared  to  exercise  training  alone? 

Hypothesis  1 

Induction  of  70  kDa  HSPs  will  be  attenuated  following  the  combined  intervention  of 
exercise  training  and  antioxidant  supplementation  compared  to  exercise  training  alone. 

Question  2 

What  is  the  effect  of  the  combined  intervention  using  short-term  exercise  training 
and  nutritional  antioxidant  supplementation  on  myocardial  contractile  performance 
during  in  vivo  ischemia-reperfusion  compared  to  exercise  training  alone  and  antioxidant 
supplementation  alone? 

Hypothesis  2 

(2a)  Myocardial  contractile  performance  following  short-term  exercise  training  and 
antioxidant  supplementation  will  be  enhanced  compared  to  control  animals  but 
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suppressed  compared  with  animals  that  were  exercise  trained  only.  (2b)  Myocardial 
contractile  performance  following  antioxidant  supplementation  alone  will  be  enhanced 
compared  to  control  but  to  a lesser  extent  than  with  exercise  training  alone. 

Question  3 

What  is  the  effect  of  the  combined  intervention  using  short-term  exercise  training 
and  nutritional  antioxidant  supplementation  on  protection  against  myocardial  infarction 
following  in  vivo  ischemia-reperfusion  compared  to  exercise  training  alone  and 
antioxidant  supplementation  alone? 

Hypothesis  3 

(3a)  Protection  against  myocardial  infarction  following  short-term  exercise  training 
and  antioxidant  supplementation  will  be  enhanced  compared  to  control  animals  but 
suppressed  compared  with  animals  that  were  exercise  trained  only.  (3b)  Protection 
against  myocardial  infarction  following  antioxidant  supplementation  alone  will  be 
enhanced  compared  to  control  but  to  a lesser  extent  than  with  exercise  training  alone. 

Hypothesis  Justification 

It  has  been  previously  demonstrated  that  exercise  training  results  in  improved 
contractile  performance  during  myocardial  I-R  in  rats  (24,54,198,236).  These  exercise- 
induced  changes  are  correlated  with  the  induction  of  myocardial  HSP72  (54,56,  MS- 
149, 198).  While  the  specific  exercise-induced  cellular  changes  responsible  for 
signaling  an  up-regulation  of  HSPs  remain  unclear,  an  increased  production  of  reactive 
oxygen  species  (ROS)  has  been  implicated  (63,139,170-172,248-249).  It  is  clear  that 
cytotoxic  ROS  contribute  to  I-R  induced  injury  in  the  heart  and  that  supplementation 
with  antioxidants  can  provide  protection  against  ROS-mediated  injury.  However,  little 
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is  known  about  the  effects  of  antioxidant  supplementation  on  myocardial  expression  of 
HSPs.  Because  it  is  likely  that  exercise  training  and  dietary  antioxidant 
supplementation  provide  cellular  protection  against  I-R  injury  via  different 
mechanisms,  it  is  possible  that  their  combined  effects  could  provide  additive  protection 
against  I-R-induced  oxidative  stress.  However,  if  oxidative  stress  is,  indeed,  a key 
signal  for  inducing  HSPs,  supplementation  with  antioxidant  nutrients  may  result  in  an 
attenuation  of  the  HSP  response  to  exercise  stress.  Thus,  in  the  proposed  experiments, 
the  hypotheses  were  based  on  the  notion  that  the  combination  of  antioxidant 
supplementation  with  exercise  training  will  result  in  an  attenuation  of  HSP72  induction 
and,  therefore,  an  attenuation  of  the  cardioprotection  associated  with  exercise  training 
alone  (84,239). 

In  addition  to  the  above,  we  hypothesize  that  antioxidant  supplementation  will  result 
in  improved  contractile  performance  and  protection  against  oxidative  damage  and 
infarction  compared  to  control.  That  is,  supplementation  with  a combination  of  potent 
aqueous-  and  lipid-phase  antioxidants  will  be  associated  with  a decrease  in  myocardial 
lipid  peroxidation  and  protein  oxidation  and  this  will  result  in  an  attenuation  of 
myocardial  infarction  size.  These  hypotheses  were  based  on  the  known  ROS-quenching 
abilities  of  antioxidants  and  the  finding  that  both  lipid  peroxidation  and  cardiac  protein 
oxidation  occurs  during  I-R  (37-40,88-89,99,127,185).  It  is  speculated  that  protection 
from  lipid  peroxidation  will  be  primarily  due  to  elevated  myocardial  vitamin  E,  p- 
carotene,  and  coenzyme  Qio  because  they  reside  in  the  lipid  phase  of  membranes 


(8,66,69,72,74,86-87, 1 24, 1 28, 1 56, 1 66, 1 69, 1 74,20 1 ,2 1 3,2 1 8,225).  Supplementation 
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with  other  compounds,  including  N-acetyl  cysteine,  vitamin  C,  and  flavonoids,  should 
provide  protection  against  oxidative  damage  to  cytosolic  proteins  such  as  cytoskeletal 
and  cardiac  contractile  proteins  (153,156,188,205,214,222,231,263).  It  was,  therefore, 
speculated  that  increasing  the  capacity  of  the  myocardium  to  quench  ROS  would 
decrease  the  deleterious  effects  of  cardiomyocyte  protein  and  lipid  damage  and  protect 
the  myocardium  against  infarction. 

The  first  question  was  addressed  using  western  blot  analyses  to  quantify 
accumulation  of  HSP72  and  HSP73.  To  address  the  second  and  third  questions, 
myocardial  protection  against  I-R-induced  injury  was  assessed  by  the  following:  (1) 
evaluation  of  myocardial  contractile  performance  using  an  in  vivo  I-R  model  and  (2) 
measurement  of  myocardial  cell  death  (infarction).  Additionally,  the  efficacy  of  the 
proposed  interventions  for  increasing  myocardial  antioxidant  capacity  was  evaluated 
using  measurements  of  enzymatic  and  total  antioxidant  status  as  well  as  markers  of 
protein  oxidation  and  lipid  peroxidation.  All  of  the  above  techniques  were  performed  on 
myocardial  tissue  from  rodents  that  received  either  exercise  training  alone,  antioxidant 
supplementation  alone,  exercise  training  plus  an  antioxidants,  or  no  treatment  (control) 
followed  by  one  of  two  in  vivo  myocardial  I-R  protocols  that  differed  in  duration. 


CHAPTER  2 

REVIEW  OF  RELATED  LITERATURE 

Introduction 

Myocardial  ischemia  is  a disease  process  characterized  by  reduced  coronary  blood 
flow.  Re-establishment  of  coronary  flow  is  vital  for  limiting  myocardial  damage  due  to 
ischemia.  Reperfusion,  however,  brings  with  it  the  risk  of  damage  resulting  from  the 
toxic  effects  of  reactive  oxygen  species  (ROS)  (88-89,99,21 1-212).  The  cardiotoxicity 
of  ROS  is  related  to  the  cellular  damage  resulting  from  the  instability  and  subsequent 
reactivity  of  ROS  (89).  One  purpose  of  this  review  is  to  characterize  I-R  injury  and  the 
potential  role  of  antioxidant  compounds  in  limiting  I-R  associated  damage  in  the 
myocardium. 

Induction  of  molecules  called  heat  shock  proteins  (HSPs)  has  been  correlated  with 
protection  of  the  myocardium  during  ischemia-reperfusion  (I-R).  The  preferential 
synthesis  of  HSPs  in  response  to  a variety  of  stresses  is  well  characterized  (176).  The 
physiological  stress  induced  by  exercise  training  is  among  those  stresses  capable  of 
inducing  expression  of  heat  shock  genes  (146).  Therefore,  in  addition  to  reviewing 
antioxidants  and  I-R  injury,  this  review  will  also  summarize  the  current  understanding 
of  expression  and  biological  function  of  HSPs,  including  their  potential  role  in  exercise- 
induced  cardioprotection  during  I-R. 
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Myocardial  Ischemia-Reperfusion  Injury 

As  stated  previously,  myocardial  ischemia  is  characterized  by  decreased  coronary 
blood  flow  resulting  in  an  inadequate  delivery  of  oxygen  and  nutrients  to  the 
myocardium,  mandating  prompt  re-establishment  of  coronary  flow  to  limit  ischemic 
damage.  Reperfusion,  however,  is  associated  with  myocardial  injury  resulting  from  the 
damaging  effects  of  ROS  and  their  participation  in  degenerative  cellular  processes 
including  lipid  peroxidation,  protein  oxidation,  and  DNA  damage  (88,89,99,21 1-212). 
The  high  prevalence  of  coronary  artery  disease  demands  that  research  efforts  be  focused 
on  developing  strategies  for  protecting  the  myocardium  from  damage  resulting  from 
coronary  occlusion  and  reperfusion.  To  develop  effective  strategies,  one  must  first 
understand  the  cellular  mechanisms  involved  in  myocardial  I-R  that  contribute  to 
impaired  myocardial  function  and  infarction. 

Two  distinctly  different  types  of  I-R  have  been  described;  myocardial  stunning  and 
myocardial  infarction.  Myocardial  stunning  can  be  defined  as  the  mechanical 
dysfunction  resulting  from  I-R  despite  the  restoration  of  coronary  flow  and  the  absence 
of  irreversible  damage.  Myocardial  stunning  generally  follows  ischemia  lasting  less 
than  20  minutes  (21).  Myocardial  infarction,  on  the  other  hand,  is  characterized  by 
irreversible  myocardial  cell  damage  or  death  following  persistent  or  sustained  ischemia 
(21).  While  these  two  injuries  are  distinctly  different,  it  is  unknown  whether  they  share 
mechanisms. 

The  mechanisms  thought  to  contribute  to  myocardial  cell  dysfunction  and  death 
during  I-R  are  numerous  and  not  completely  understood  (7).  Among  the  primary 
pathogenic  agents,  however,  are  ROS  (17-20,76-78,163,219,265-266).  Other 
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mechanisms  that  have  also  been  shown  to  promote  myocardial  damage  include  calcium 
overload  due  to  impaired  ATP  production  (7);  increased  proteolytic  activity  associated 
with  disruptions  in  calcium  homeostasis  (228-229);  and  platelet/leukocyte  aggregation 
and  activation  resulting  in  further  coronary  occlusion  and  release  of  coronary 
vasoconstrictors  such  as  thromboxanes  (136,229).  A brief  summary  of  the  role  of  ROS 
in  I-R  induced  injury  and  the  potential  benefit  of  antioxidants  in  providing  protection 
against  I-R  injury  follows. 

Reactive  Oxygen  Species  and  Ischemia-Reperfusion  Injury 
Sources  of  reactive  oxygen  species 

ROS  such  as  the  peroxyl  radical  (ROO‘),  the  superoxide  anion  (02" ),  the  hydroxyl 

radical  (HO' ),  and  hydrogen  peroxide  (H2O2)  are  derived  from  the  univalent  reduction 
of  molecular  oxygen  (90).  Certain  ROS  are  known  as  free  radicals  because  they  contain 

one  or  more  unpaired  electrons  in  their  outer  orbital  (e.g.  ROO',  02",  HO').  When  a 

ground  state  02  molecule  accepts  a single  electron,  the  product  is  02"  and  addition  of  a 
second  electron  yields  H2O2.  Homolytic  fission  of  the  0-0  bond  in  H2O2  produces  two 

HO'  molecules  and  can  be  achieved  by  a simple  mixture  of  H2O2  and  an  iron  (ferrous) 

salt.  Called  the  Fenton  reaction,  the  HO'  produced  by  this  fission  is  capable  of  reacting 
at  very  high  rate  constants  with  almost  every  cellular  component  (145). 

Potential  sources  of  ROS  during  I-R  are  the  mitochondrial  respiratory  chain, 
xanthine  oxidase  activity,  enzymatic  arachadonic  acid  oxygenation,  nitric  oxide 
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synthesis,  catecholamine  oxidation  and  the  neutrophil  oxidative  burst  (110).  Another 
implicated  mechanism  is  the  stress  associated  with  oxygen  deprivation  during  ischemia 
(191).  Of  these,  the  enzymatic  oxidation  by  xanthine  oxidase  of  purines  such  as 
xanthine  and  hypoxanthine  is  believed  to  be  one  of  the  major  sources  of  ROS  during  I-R 
in  rodents  (35,62).  Mainly  located  in  the  vessel  walls  of  most  tissues,  including  cardiac 
muscle,  the  enzyme  xanthine  dehydrogenase  (XDH)  catalyzes  the  oxidation  of 
hypoxanthine  to  xanthine,  and  xanthine  to  uric  acid.  During  I-R,  XDH  may  either 
reversibly  or  irreversibly  be  transformed  to  xanthine  oxidase.  In  contrast  to  its 
dehydrogenase  form,  xanthine  oxidase  utilizes  O2  as  the  electron  acceptor  and  produces 

02"  while  catalyzing  the  oxidation  of  hypoxanthine  to  uric  acid  (100).  In  the  post- 

ischemic  myocardium,  activated  neutrophils  are  also  known  to  release  large  amounts  of 
ROS  that  have  also  been  associated  with  I-R  injury  (219).  The  relative  contribution  of 
any  of  these  sources  of  ROS  in  the  pathogenesis  of  myocardial  dysfunction  remains  to 
be  defined. 

The  cardiotoxicity  of  ROS  is  largely  reflective  of  their  rapid  participation  in 
damaging  reaction  with  cellular  components  (89).  The  damage  resulting  from  these 
reactions  include  lipid  peroxidation,  protein  oxidation  and  DNA  damage  (219).  During 
myocardial  I-R,  cardiac  proteins  and  cell  membranes  are  particularly  vulnerable  to 
oxidative  damage  (88-89,99,21 1-212).  An  overview  of  oxidative  damage  to  myocardial 
lipids  and  proteins  follows. 
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Myocardial  lipid  peroxidation 

Polyunsaturated  fatty  acids  (PUFAs)  are  highly  susceptible  to  ROS  attack  and 
oxidative  damage  at  their  sites  of  unsaturation.  Briefly,  the  attack  begins  when  ROS 
have  sufficient  energy  to  abstract  H atoms  from  the  methylene  groups  of  PUFAs 
forming  lipid  peroxyl  radicals  that  can  then  react  with  other  PUFAs,  starting  an 
amplifying  chain  reaction  (4).  Peroxyl  radicals  are  also  capable  of  propagating  further 
oxidative  damage  to  other  membrane-associated  molecules  such  as  proteins.  The  overall 
result  of  this  attack  is  destruction  of  membrane  PUFAs  leading  to  alteration  of 
membrane  fluidity  and  permeability.  Compromised  cell  membrane  integrity  has  been 
called  the  most  destructive  reaction  that  occurs  during  I-R,  possibly  contributing  to 
cardiac  dysrhythmia  and  cell  death  (219,229).  By-products  of  lipid  peroxidation  such  as 
malondialdehyde,  lipid  hydroperoxides,  conjugated  dienes,  and  isoprostanes  are  often 
measured  to  estimate  the  extent  of  ROS-mediated  tissue  damage  (90). 

Myocardial  protein  oxidation 

Included  in  the  ROS-mediated  damage  to  cardiac  proteins  is  oxidation  of  contractile, 
cytoskeletal,  and  membrane  bound  proteins  and  enzymes  (4,99).  Quantitative  studies  of 
protein  oxidation  reveal  that  proteins  containing  sulfhydryl  groups  are  highly 
susceptible  to  damage  (4).  Much  of  the  damage  caused  by  protein  oxidation  is 
irreparable  and  proteins  that  have  been  damaged  by  ROS  are  susceptible  to  further 
proteolytic  cleavage.  Oxidation  of  proteins  results  in  formation  of  carbonyl  groups; 
assay  of  protein  carbonyl  content  has  been  used  as  an  estimation  of  oxidative  damage  to 
proteins  (207). 
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The  combined  effects  of  lipid  peroxidation  and  protein  oxidation  have  a profound, 
detrimental  effect  on  the  structure  and  function  of  the  cardiac  myocyte  (229).  However, 
cardiomyocytes  have  intrinsic  mechanisms  designed  to  defend  against  oxidative 
damage.  The  following  sections  will  highlight  key  components  of  the  myocardial 
antioxidant  defense  system. 

Antioxidant  Defense  Mechanisms 

Cells  have  extensive  endogenous  and  exogenous  mechanisms  for  providing 
protection  against  damage  by  reactive  oxygen  species.  Among  the  cells’  primary 
defenses  are  the  enzymatic  antioxidants  which  include  (1)  superoxide  dismutase,  which 
dismutates  the  superoxide  radical;  (2)  catalase,  which  decomposes  hydrogen  peroxide; 
and  (3)  glutathione  peroxidase,  which  decomposes  hydrogen  peroxide  with  the 
assistance  of  the  nonenzymatic  antioxidant  glutathione  (90,263).  Other  non-enzymatic 
antioxidants  include  vitamin  E,  vitamin  C,  carotenoids,  glutathione,  ubiquinones,  and 
flavonoids.  Antioxidants  work  both  independently  and  synergistically  to  maintain  a 
reduced  cellular  environment  (199,263). 

Given  the  potential  role  of  ROS  in  I-R  injury,  interventions  designed  to  increase  the 
cells’  antioxidant  defenses  are  a promising  strategy  for  minimizing  I-R  associated 
cellular  injury  (8,69,72,74,86-87,124,128,158,166,201,218).  While  increases  in  cellular 
enzymatic  antioxidants  can  be  achieved  following  stresses  including  exercise  training 
(197,199),  another  effective  method  for  increasing  antioxidant  defenses  is  via  dietary 
supplementation  with  nonenzymatic  antioxidants.  The  primary  nonenzymatic 
antioxidants  pertinent  to  this  study  and  their  roles  in  defending  against  radical-mediated 
damage  are  reviewed  in  the  next  section. 
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Vitamin  E 

The  term  vitamin  E refers  to  at  least  eight  structural  isomers  of  tocopherol  (15).  Of 
these  isomers,  a-tocopherol  is  believed  to  possess  the  most  potent  antioxidant  activity 
(31).  Protection  of  membranes  by  vitamin  E is  dependent  upon  the  incorporation  of  a- 
tocopherol  into  cellular  membranes  (233). 

Vitamin  E is  the  most  widely  distributed  antioxidant  in  cells  and  is  of  particular 
importance  because  of  its  ability  to  convert  peroxyl  radicals  to  less  reactive  molecules. 
Vitamin  E can  also  break  the  lipid  peroxidation  chain  reaction  that  occurs  during  free 
radical  damage  and  is,  therefore,  considered  the  primary  chain-breaking  antioxidant  in 
cell  membranes  (31,261).  While  vitamin  E is  an  efficient  radical  scavenger,  the 
interaction  of  vitamin  E with  a radical  results  in  a reduction  of  functional  vitamin  E and 
the  formation  of  a vitamin  E radical.  It  is  postulated  that  the  capacity  of  vitamin  E to 
serve  as  an  antioxidant  is  dependent  upon  other  antioxidants  that  are  capable  of 
recycling  vitamin  E during  periods  of  oxidative  stress.  Antioxidants  such  as  vitamin  C 
and  glutathione,  reviewed  later  in  this  section,  are  among  those  capable  of  recycling  the 
vitamin  E radical  (29, 116-118,180). 

The  concentration  of  vitamin  E in  cell  membranes  is  relatively  low  under  most 
conditions  (110).  Hence,  numerous  investigations  have  attempted  to  elevate  tissue 
concentrations.  At  high  doses  however,  the  intestinal  absorption  of  dietary  vitamin  E 
decreases  (152).  As  the  oral  dose  of  radioactive  alpha  tocopherol  increases,  the  percent 
absorption  decreases  from  70%  at  RDA  levels  (75  IU/kg  diet)  to  30%  at  very  high  dose 
of  20,000  IU/kg  diet  (51).  Rats  supplemented  with  10,000  IU  vitamin  E/kg  diet  for  up  to 
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20  weeks  have  significantly  elevated  tissue  and  serum  tocopherol  concentrations  with 
no  signs  of  toxicity  (43-44,1 19,154).  Concentrations  of  vitamin  E in  the  heart  did, 
however,  appear  to  peak  at  approximately  14  weeks  of  supplementation  (43-44,154). 

Because  vitamin  E possesses  many  of  the  criteria  considered  to  be  a good 
antioxidant,  numerous  investigations  have  examined  the  effects  of  vitamin  E on  I-R 
injury  in  the  heart.  Whole  organ  and  animal  models  of  myocardial  ischemia,  as  well  as 
ischemic  heart  disease  patients,  have  been  studied  to  investigate  whether  vitamin  E 
might  be  effective  in  preventing  post-ischemic  myocardial  dysfunction/necrosis. 
Vitamin  E treatment  of  in  vitro  hypoxic  rat  hearts  has  been  shown  to  be  effective  in 
preventing  irreversible  cardiomyocyte  injury  with  reoxygenation,  as  well  as  reducing 
the  contractility  and  mitochondrial  derangements  (69,163,194,199).  Using  isolated-heart 
models,  vitamin  E has  been  shown  to  quench  lipid  radical  formation  during  reperfusion 
(8,72).  A 51%  increase  in  the  myocardial  content  of  vitamin  E in  vivo  protects  rat  hearts 
against  in  vitro  I-R  induced  injury  (158,  240).  The  results  of  these  isolated  heart  studies 
constitute  compelling  evidence  that  cardiac  vitamin  E protects  against  myocardial  I-R 
injury  ex-vivo. 

Only  recently  have  efforts  been  focused  on  the  cardioprotective  effect  of  vitamin  E 
using  in  vivo  models  of  I-R.  Infusion  of  vitamin  E prior  to  in  vivo  I-R  was  reported  to 
limit  myocardial  infarction  in  pigs,  whereas  the  same  dose  of  vitamin  E administered 
only  during  ischemia  was  less  effective  (124).  Vitamin  E has  also  been  shown  to 
decrease  the  incidence  of  ventricular  fibrillation  during  chronic  ischemia  in  rat  models 
(74,220).  These  studies  suggest  that  vitamin  E is  effective  as  a cardioprotectant  against 
the  irreversible  injury  associated  with  I-R. 
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Vitamin  C 

Vitamin  C (ascorbic  acid  or  ascorbate)  is  a naturally  occurring  antioxidant,  found 
abundantly  in  many  plants  consumed  regularly  by  humans.  In  contrast  to  vitamin  E, 
vitamin  C is  a hydrophilic  antioxidant  that  exerts  its  radical  scavenging  activities  in  the 
aqueous  compartments  of  cells  (263).  Vitamin  C scavenges  superoxide,  peroxyl,  and 
hydroxyl  radicals  directly,  and  also  plays  an  important  role  in  recycling  the  vitamin  E 
radical  back  to  its  active  form  (36,188,231,263).  Like  vitamin  E,  in  the  process  of 
scavenging  radicals  the  radical  form  of  vitamin  C is  generated  and  must  be  recycled  to 
its  reduced  form  (i.e.,  via  glutathione)  to  continue  exerting  its  antioxidant  activities.  The 
ability  of  vitamin  C to  exert  pro-oxidant  effects  is  of  concern  when  concentrations  of  the 
vitamin  are  relatively  high  (i.e.,  greater  than  1 mM).  This  pro-oxidant  activity  arises 
from  the  reaction  of  vitamin  C with  transition  metals  such  as  Fe+3,  resulting  in 
reduction  of  Fe+3  to  the  Fe+2  state,  which  can,  in  turn,  induce  radical  generation  by 
reactions  previously  reviewed  (246,258).  Hence,  careful  consideration  must  be  given  to 
vitamin  C dosage  when  supplementing  for  the  purpose  of  preventing  oxidative  damage 
(263). 

The  protective  effects  of  supplemental  vitamin  C,  as  well  as  synergistic  effects  of 
vitamins  C and  E,  have  been  investigated  extensively.  Supplementation  with  vitamin  C 
has  been  shown  to  increase  the  global  antioxidant  capacity  of  heart  tissue  and  protect  a 
variety  of  tissues  and  cells  against  oxidative  injury  (5,155,210).  Supplementation  with 
both  vitamins  C and  E appears  to  lead  to  a sparing  effect  on  vitamin  E as  well  as 
protection  against  oxidative  injury  (36,188,231).  Accordingly,  vitamin  C deficiency 
induces  a greater  susceptibility  to  oxidative  injury,  perhaps  to  a greater  extent  than  does 


16 


vitamin  E deficiency  (231).  Further,  supplementation  with  a combination  of  vitamins  C 
and  E may  help  prevent  the  potential  pro-oxidant  effects  of  larger  doses  of  vitamin  C 
(36). 

Glutathione 

Glutathione  (GSH),  a tripeptide  synthesized  primarily  in  the  liver  from  glutamate, 
cysteine,  and  glycine,  is  the  most  abundant  nonprotein  thiol  in  cells  (168).  GSH  is  a 
versatile  molecule,  serving  multiple  roles  in  defending  cells  against  ROS-mediated 
damage.  Perhaps  its  most  important  role  in  antioxidant  defense  is  serving  as  a substrate 
for  glutathione  peroxidase  (GPX)  which  catalyses  the  enzymatic  reduction  of  hydrogen 
peroxide  and  other  organic  peroxides  to  water  and  alcohol,  respectively.  In  serving  as  a 
substrate  for  this  antioxidant  enzyme,  two  molecules  of  GSH  are  oxidized  to  form  the 
disulfide  form  of  glutathione  (GSSG).  GSSG  is  then  recycled  back  to  the  reduced  form 
by  the  enzyme  glutathione  reductase  with  NADPH  providing  the  reducing  power 
(111,113).  GSH  can  also  serve  as  a direct  scavenger  of  hydroxyl,  superoxide,  and 
carbon  based  radicals,  as  well  as  singlet  oxygen  (263).  Finally,  GSH  serves  an  important 
role  in  recycling  the  radical  forms  of  other  antioxidants  (i.e.,  vitamins  E and  C)  to 
restore  their  radical-quenching  capacity  (187). 

Given  the  many  functions  of  GSH  in  maintaining  a reduced  cellular  environment,  it 
is  not  surprising  that  alterations  in  GSH  content  can  alter  cell  function.  Using  L- 
buthionine-[S,R]-sulfoximine  (BSO),  an  inhibitor  of  the  enzyme  y-glutamyl  synthase, 
myocardial  GSH  concentrations  can  be  significantly  decreased  (132,168).  Starvation- 
induced  and  BSO-induced  decreases  in  GSH  are  associated  with  accelerated  production 
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of  malondialdehyde,  a product  of  lipid  peroxidation  (132).  Importantly,  GSH  deficiency 
has  been  reported  to  alter  antioxidant  enzymatic  activity  (135)  and  to  impair  recovery  of 
contractile  performance  following  myocardial  ischemia  (251).  In  contrast,  N-acetyl 
cysteine  (NAC;  a source  of  cysteine  for  GSH  synthesis)  administered  intraperitoneally, 
has  been  shown  to  result  in  increases  in  tissue  GSH  concentration  and  improvements  in 
muscle  endurance  (205,222).  However  administration  of  GSH  and  GSH  ethyl  esters 
don't  appear  to  increase  GSH  concentrations  or  to  alter  redox  status  (133). 

Carotenoids 

Carotenoids,  or  carotenes,  are  colored  pigments  found  in  yellow  and  green 
vegetables.  Some  carotenoids,  such  as  P-carotene,  are  precursors  to  vitamin  A,  though 
no  RDA  has  been  established  for  them.  Many  members  of  the  carotenoid  family  are 
chain-terminating  antioxidants  and  can  quench  singlet  oxygen  in  addition  to  a variety  of 
other  radical  species;  p-carotene,  lycopene,  astaxanthin,  and  canthaxanthin  are  among 
those  species  with  well-documented  antioxidant  activity  (30,213).  Which  carotenoid 
possesses  the  greatest  radical  scavenging  activity  remains  an  issue  of  some  controversy. 
Historically,  it  was  thought  that  p-carotene  was  the  most  effective  antioxidant  among 
the  carotenes.  However,  some  investigations  have  suggested  that  carotenoids  with  oxo 
groups  at  the  4 and  4’  positions  in  the  beta-ionine  ring  (i.e.,  astaxanthin,  and 
canthaxanthin)  are  more  effective  radical  scavengers  than  P-carotene  (213).  In  contrast, 
other  investigations  have  found  P-carotene  and  lycopene  to  have  greater  scavenging 
activity  than  astaxanthin,  and  canthaxanthin  (174).  Assessment  of  carotenoid  activity  in 
vivo  is  limited  by  the  lack  of  good  models.  Use  of  varying  in  vitro  radical  generating 
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systems  and  methods  for  measuring  scavenging  activity  undoubtedly  account,  at  least  in 
part,  for  these  contradictory  reports. 

Importantly,  carotenoids  may  act  synergistically  with  other  antioxidants.  For 
example,  several  reports  exist  demonstrating  that  as  oxygen  tension  varies,  p-carotene 
and  a-tocopherol  may  have  varying  importance  as  chain-breaking  antioxidants 
(28.213).  This  issue  remains  somewhat  debated  with  other  reports  of  similar  protection 
against  peroxidation  in  tissue  homogenates  and  microsomal  membrane  preparations 
with  p-carotene  and  a-tocopherol  supplementation  (189,253-254).  Whether  P-carotene 
can  recycle  the  vitamin  E radical  continues  to  be  debated  (162,213).  Similar  vitamin  E, 
carotenoids  with  two  polar  groups  distally  situated  on  the  molecule  (i.e.,  P-carotene, 
astaxanthin.  and  canthaxanthin)  can  span  phospholipid  membranes  and  provide 
membrane  stability  (213). 

Unlike  retinoids,  which  have  a well-described  associated  toxicity,  p-carotene  is 
relatively  nontoxic  even  when  plasma  concentrations  are  elevated  nearly  1 00-fold  above 
normal  levels.  The  only  observed  side  effect  in  clinical  trials  has  been  hypercaroteno- 
dermia,  a condition  of  yellowing  of  the  skin  (10,60).  Chronic  administration  of 
enormous  doses  to  dogs  and  mice  has  resulted  in  reported  nonspecific  histological 
changes  in  liver  (103).  Canthaxanthin  supplementation,  however,  has  been  associated 
with  reports  of  a reversible  retinopathy  (96). 

Flavonoids 

Flavonoids  are  a large  family  of  diphenylpropanes  (over  4000  members  identified) 
that  are  commonly  found  in  plants  consumed  by  humans.  Family  members  include,  but 


19 


are  not  limited  to,  flavones,  isoflavones,  flavanones,  anthocyanins,  and  catechin  (49). 
Flavonoids  have  been  reported  to  possess  a wide  variety  of  biological  activities  ranging 
from  inhibition  of  inflammatory  enzymes  (lipoxygenase,  cyclooxygenase,  xanthine 
oxidase,  NADH-oxidase,  phospholipase  A2,  protein  kinase)  to  antitumoral,  antiviral, 
antimutagen,  antiinflammatory,  antiischemic,  and  antiallergic  activities  (32).  Many  of 
these  biological  effects  are  thought  to  be  a result  of  the  antioxidant  capacity  of 
flavonoids  (23,156,214).  Radical  scavenging  activities  of  flavonoids  appear  to  vary 
greatly  among  family  members,  but  include  quenching  of  peroxyl,  hydroxyl,  and 
superoxide  radicals  as  well  as  hydrogen  peroxide  and  a variety  of  chemically  generated 
radicals  not  naturally  found  in  the  body  (32). 

Among  the  many  flavonoids  under  investigation  for  their  potential  role  in  protecting 
against  radical-mediated  disease  processes  is  the  polyphenolic  flavonoid  family 
member,  catechin,  which  is  found  in  significant  concentrations  in  green  and  black  tea 
and  red  wine.  Catechin  has  been  shown  to  efficiently  scavenge  superoxide  radicals, 
inhibit  metal  ion-mediated  radical  formation,  and  to  inhibit  formation  of  lipid  peroxyl 
radical  species  (215,223).  In  addition  to  inhibiting  lipid  peroxidation,  catechin  was 
reported  to  prevent  the  radical-mediated  depletion  of  vitamin  E and  P-carotene  in 
human  plasma  in  a dose-dependent  manner  (153). 

Ubiquinones 

Ubiquinones  are  naturally  occurring  lipid-soluble  derivatives  containing  an  isoprene 
or  farnesyl  tail  which,  in  their  reduced  forms,  are  highly  efficient  antioxidants  (66, 1 69). 
Ubiquinone- 10,  often  called  coenzyme  Q10,  is  the  primary  isoform  in  most  mammalian 
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species  (66).  It  is  found  primarily  in  the  reduced  form,  with  approximately  50%  of  total 
cellular  stores  found  in  mitochondrial  membranes  (3).  Here,  ubiquinones  serve  a well- 
know  role  as  a redox  component  of  the  mitochondrial  electron  transport  system,  in 
which  they  act  as  “couplers'’  between  NADH  dehydrogenase  or  succinate 
dehydrogenase  and  cytochrome  b in  the  respiratory  chain  (227). 

In  addition  to  the  role  of  coenzyme  Qio  in  mitochondrial  electron  transport,  this 
phenol-ring  containing  structure  can  also  scavenge  oxygen  radicals  and  singlet  oxygen, 
thereby  protecting  membrane  lipids  from  peroxidation  (66).  Reduced  ubiquinones  can 
also  exert  antioxidant  effects  indirectly  by  regenerating  vitamin  E from  its  radical  form 
via  an  NADPH-dependent  cycle  (66,237). 

The  protective  role  of  coenzyme  Qi0  was  first  described  in  1966  when  lipid 
peroxidation  was  inhibited  by  coenzyme  Qio  in  isolated  mitochondrial  membranes 
(169).  Exogenous  coenzyme  Qio  has  been  reported  to  be  incorporated  into  cellular  and 
subcellular  membranes  such  as  the  sarcoplasmic  reticulum  and  the  mitochondrial 
membranes  (169).  Further,  coenzyme  Qio  has  been  reported  to  protect  heart  and  liver 
tissue  against  lipid  peroxidation  induced  by  exposure  to  oxidants  (223).  Oxidant- 
induced  decreases  in  GSH  and  vitamin  E were  prevented  by  coenzyme  Qio  in  ischemic 
tissues  (120). 

Despite  reports  of  limited  tissue  uptake  of  orally  supplemented  coenzyme  Qio  in  rats 
(264)  the  role  of  coenzyme  Qio  in  protecting  the  myocardium  from  I-R  induced  injury 
has  also  been  investigated  using  isolated  perfused  rat  heart  models.  Following 
coenzyme  Qi0  supplementation,  left  ventricular  developed  pressure  was  improved  with 
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increases  in  coenzyme  Qio  concentration  found  only  in  the  plasma,  not  heart  tissues 
(151).  In  contrast,  in  a similar  study  using  an  isolated  perfused  heart  model  in  pigs  and 
rats,  coenzyme  Qio  supplementation  was  associated  with  significant  increases  in  tissue 
and  mitochondrial  coenzyme  Qio  concentration,  with  a concomitant  decrease  in  lipid 
peroxidation  by-products  and  improvement  in  post-ischemic  ventricular  recovery 
(68,161,262).  Thus,  the  protective  role  of  coenzyme  Qio  in  cardioprotection  during  I-R 
remains  equivocal  and  may  be  dependent  upon  species,  dose,  and/or  duration  of 
supplementation. 

Heat  Shock  Proteins:  An  Overview 

One  of  the  best  described  cellular  responses  to  stress,  is  the  induction  of  highly 
conserved  stress  proteins  called  heat  shock  proteins  (HSPs)  (63,142-143,177,209,238). 
The  heat  shock  response,  defined  as  the  rapid  induction  of  HSPs,  was  first  identified  in 
Drosophila  nearly  40  years  ago  (209).  This  initial  observation  led  to  the  characterization 
of  a rapidly  increasing  number  of  isoforms  as  members  of  HSP  families. 

Induction  of  HSPs  occurs  not  only  in  response  to  heat  stress,  but  also  in  response  to 
a variety  of  environmental  and  physiological  stresses  including  hypoxia,  altered  pH 
homeostasis,  exposure  to  oxidants  and  transition  metals,  ischemia/reperfusion,  and 
presence  of  amino  acid  analogs  (63,104,139,143,170,172,247,248-250).  Thus,  this 
generalized  cellular  response  to  environmental  and  physiological  disturbances  is  also 
referred  to  as  the  “stress  response”  rather  than  the  more  limited  term,  “heat  shock 
response”  (63).  Importantly,  recent  studies  have  revealed  that  the  physiological  stress 
associated  with  endurance  exercise  training  also  results  in  rapid  induction  of  some 
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isoforms  of  HSPs  in  rodents  (53,55, 1 29, 1 46, 1 49- 1 50, 1 52, 1 98,2 1 6,235).  Exercise 
induction  of  HSPs  will  be  discussed  in  detail  later  in  this  review. 

Overview  of  HSP  families 

Based  on  their  migration  during  gel  electrophoresis,  five  main  groups  of  HSPs  have 
been  characterized:  (1)  small  HSPs,  8 to  32  kDa;  (2)  50-60  kDa  HSPs;  (3)  70  kDa 
HSPs;  (4)  90  kDa  HSPs;  and  (5)  lOOkDa  plus  HSPs  (126).  HSP  isoforms  vary  between 
organisms  and  even  between  cell  types  within  an  organism;  however,  all  organisms 
express  65-78  kDa  HSPs  that  belong  to  the  HSP70  family  (142).  Since  the  focus  of  the 
proposed  experiments  is  on  HSP72,  only  a brief  overview  of  other  families  of  HSPs  is 
provided  in  this  review. 

Five  prominent  members  of  the  small  HSPs  family  include  ubiquitin,  ocB-crystallin. 
HSP27,  HSP20,  and  HSP32.  Ubiquitin  is  approximately  8-kDa,  highly  conserved,  and 
important  in  both  chromatin  structure  and  in  protein  degradation.  (33,249).  ocB- 
crystallin,  a 22-kDa  protein,  belongs  to  a family  of  crystallins  first  identified  in 
vertebrate  lens  tissue  but  also  found  in  cells  with  high  mitochondrial  content  such  as 
cardiac  and  type  I and  Ha  skeletal  muscle  fibers  (181).  ccB-crystallin  functions  as  a 
molecular  chaperone,  facilitates  protein  folding,  and  prevents  aggregation  of  denatured 
proteins.  Constitutive  expression  of  HSP27  appears  to  parallel  growth  and  be  under  cell 
cycle  regulation  (249).  Similar  to  aB-crystallin,  HSP27  is  found  in  relatively  high 
concentrations  in  heart  tissues  and  appears  to  have  a role  in  regulation  of  muscle  cell 
contraction  (50.221).  HSP20  has  been  isolated  from  rat  and  human  skeletal  muscle  and 
shows  sequence  homology  with  both  HSP27,  and  aB-crystallin.  Limited  information 
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about  the  biological  function  of  HSP20  exists.  HSP32  is  an  inducible  form  of  heme 
oxygenase,  referred  to  as  heme  oxygenase  1 (HO-1),  and  is  induced  readily  by  oxidizing 
agents  including  reactive  oxygen  species.  Both  HO-1  and  the  constitutive  isozyme 
HO-2,  generate  the  cellular  messenger  carbon  monoxide  (121-122,160,241). 

The  50-60  kDa  HSPs  family  contains  two  distinct  subgroups;  the  GroE  subgroup 
found  in  the  eubacteria,  plastids,  and  mitochondria,  and  the  TCP-1  subgroup  found  in 
the  eukaryotic  cytosol  and  the  archebacteria.  Both  chaperone  subfamilies  assist  the 
correct  folding  of  nascent  polypeptides  in  the  cytosol  (63-65,81) 

HSP90  is  the  most  abundant  constitutively  expressed  stress  protein  in  eukaryotic 
cytosol.  HSP90  is  bound  to  a wide  range  of  proteins  such  as  viral  tyrosine  kinases, 
steroid  hormone  receptors,  and  other  heat  shock  factors  (200).  In  addition  to  regulation 
of  the  proteins  it  binds,  HSP90  is  thought  to  play  a role  in  assisting  the  folding  of 
nascent  polypeptides  (247). 

Both  HSP100  and  HSP1 10  are  normal  constituents  of  mammalian  cells  and  are 
generally  expressed  at  low  levels  (225).  Though  both  proteins  are  inducible,  their 
biological  functions  remain  poorly  defined. 

The  70  kDa-HSPs,  the  family  of  proteins  most  important  to  the  proposed 
experiments,  are  highly  conserved,  abundant  proteins  estimated  to  account  one  to  two 
percent  of  all  cellular  protein  (101).  HSP70  genes,  first  visualized  as  chromosomal  puffs 
in  Drosophilia,  encode  a multigene  family  of  proteins  in  eukaryotes  (209).  At  least  four 
groups  of  genes  make  up  the  HSP70  family,  the  most  prominent  members  of  which  are 
HSP72  and  HSP73,  located  in  both  cytoplasmic  and  nuclear  regions  of  the  cell.  HSP73, 
constitutively  expressed  in  all  mammalian  cells,  is  also  commonly  referred  to  as  the 
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HSP70  cognate  protein,  or  HSC73.  Conversely,  HSP72  synthesis  is  primarily  restricted 
to  cells  experiencing  stress  and  is,  hence,  called  the  inducible  form  of  HSP70.  While  the 
synthesis  of  these  two  70kDa  HSPs  is  distinctly  different,  they  exhibit  high  sequence 
homology  (~95%)  and  similar  biochemical  properties. 

Two  other  major  members  of  the  HSP70  family  are  the  mitochondrial,  and 
sarcoplasmic  glucose-regulated  proteins  (GRP),  GRP75  and  GRP78,  respectively 
(179,249).  GRPs  received  their  name  upon  observation  that  they  are  induced  by  glucose 
starvation. 

Biochemical  roles  of  70-kDa  HSPs 

The  complex  physiological  roles  of  the  HSP70  family  of  proteins  are  only  beginning 
to  be  unraveled.  Numerous  studies  have  shown  that  HSP72  and  HSP73  interact  with 
variety  of  proteins  to  serve  a role  in  protein  maturation,  protein  transport,  and 
proteolysis,  as  well  as  in  protection  against  a variety  of  stresses  via  unknown 
mechanisms  (83,146,249).  Some  of  the  biochemical  functions  of  70  kDa  HSPs  are 
briefly  reviewed  below. 

Proteins  are  synthesized  on  ribosomes,  targeted  to  specific  subcellular 
compartments,  folded  and  modified  to  assume  an  active  conformation,  and.  eventually 
degraded.  HSPs,  particularly  HSP72,  play  a vital  role  in  this  protein  lifecycle.  Optimal 
functioning  and  maintenance  of  any  cell  is  explicitly  dependent  upon  the  presence  of 
correctly  folded  proteins;  therefore,  chaperoning  function  of  HSPs  and  particularly 
HSP72  is  very  important  (97).  To  carry  out  its  role  as  a “molecular  chaperone"’  HSP72 
associates  with  nascent  polypeptide  chains  on  ribosomes  and  orchestrates  the 
stabilization  and  folding  of  these  new  proteins  (9,56,73).  Post-translational  protein 
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modification,  sorting,  and  translocation  into  targeted  cellular  compartments  (i.e. 
endoplasmic  reticulum  or  mitochondria)  also  requires  the  action  of  HSP70  family 
members  (25,200,206).  HSP70  proteins  are  also  involved  in  proteolysis  via  recognition 
of  specific  amino  acid  sequences  in  damaged  proteins  (42,57).  By  recognizing  damaged 
proteins,  HSPs  may  then  target  them  for  lysosomal  degradation  or  prevent  protein 
aggregation  thus  facilitating  accessibility  to  other  proteolytic  systems  (42,57.173). 
Regulation  of  HSP  induction 

Transcription  of  HSP  genes  is  mediated  by  heat  shock  transcription  factors  (HSF) 
(192,256).  In  unstressed  cells,  HSF  exists  as  a monomer,  incapable  of  binding  DNA.  In 
response  cellular  stresses.  HSF  oligomerizes  and  becomes  active  (217,256).  Active  HSF 
can  then  bind  specific  elements  within  HSP  gene  promoters  referred  to  as  the  heat  shock 
element  (HSE)  (257).  HSE  binding  results  in  transcription  of  genes  encoding  HSPs 
(67,175-176,193,255-256).  The  activation  of  the  DNA  binding  form  of  HSF  can  be 
detected  within  minutes  of  temperature  elevation  (178).  HSP72,  shown  to  interact  with 
HSF1  and  has,  thus,  been  implicated  in  the  regulation  of  its  own  transcription  factor  (1). 
That  is,  under  unstressed  conditions,  HSP72  may  interact  with  HSF  to  maintain  it  in  a 
non-DNA  binding  (monomeric)  state.  During  cellular  stress,  the  appearance  of 
denatured  proteins  creates  a pool  of  newly  synthesized  proteins  that  compete  with  HSF 
for  association  with  HSP72.  Therefore,  the  appearance  of  denatured  proteins  results  in 
the  release  of  HSF  from  HSP72;  the  released  HSF  oligomerizes  and  then  binds  to  DNA. 
The  activation  of  HSF-DNA  binding  leads  to  an  elevation  of  transcription  and  synthesis 


of  HSP72  (176,178). 
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HSP72  and  cytoprotection 

While  the  early  evidence  that  HSP72  was  cytoprotective  was  correlative  in  nature, 
more  recent  studies,  using  both  transfection  of  the  HSP72  gene  into  cultured  cells  and 
transgenic  mouse  models,  have  provided  direct  evidence  that  HSP72  provides  cellular 
protection  against  a wide  range  of  stresses  (6, 1 1 ,26,79, 1 07, 1 23 , 1 40- 1 4 1 , 1 44, 1 5 7, 
171,195).  For  example,  transfection  of  cells  with  a plasmid  construct  consisting  of  the 
human  HSP72  gene  resulted  in  increased  basal  concentrations  of  HSP72  and 
thermotolerance  (6,82).  Similar  results  have  been  reported  with  transfection  studies 
using  rat  fibroblasts  and  myocytes  (98,141).  Further  support  of  the  notion  that  HSP72  is 
cytoprotective  came  from  studies  in  which  cells  injected  with  HSP72  antibodies  to 
block  the  heat  stress-induced  nuclear  translocation  of  HSP72  rapidly  died  following 
exposure  to  a subsequent  hyperthermic  stress  (8 1 ,208). 

In  addition  to  cultured  cells,  it  well  established  that  heat  shock  proteins  are  readily 
synthesized  in  cardiomyocytes  in  vivo  (75,109).  In  an  early  study,  the  core  body 
temperature  of  rodents  was  elevated  to  42°C-42.5°C  for  15  minutes  followed  by 
infusion  of  [35S]-methionine  during  the  2 hour  recovery  (46).  Measurement  of  labeled 
proteins  revealed  that  there  was  a depression  in  overall  protein  synthesis  despite  an 
increase  in  the  synthesis  of  HSP72  (46,92). 

Ischemia  and  reperfusion  have  also  been  shown  to  induce  HSP72  in  cardiomyocytes 
(167,170).  Six  hours  of  left  anterior  descending  artery  occlusion  in  the  dog  heart 
resulted  in  increased  F1SP72  expression  (59).  Not  long  after  this  observation  was  the 
realization  that  HSP72  mRNA  increases  after  as  few  as  5 minutes  of  myocardial 
ischemia  in  rabbit  hearts  (125).  Repetitive  short  duration  ischemia  and  reperfusion, 


27 


often  called  “ischemic  preconditioning”  (four  sets  of  5min  ischemia  and  5 min 
reperfusion)  increases  myocardial  HSP72  in  as  soon  as  2 hours,  with  maximal 
accumulation  observed  24  hours  after  the  last  reperfusion  period  (50,157,23 1). 

HSP72  and  protection  against  myocardial  ischemia-reperfusion  injury' 

Compelling  evidence  implicates  HSP72  in  cardioprotection  during  I-R.  Numerous 
investigations  have  demonstrated  that  heat  stress-induced  myocardial  HSP72  confers 
enhanced  post-ischemic  contractile  function  and  decreased  myocardial  infarction  size 
following  coronary  occlusion  and  reperfusion  in  vivo  (26,47,53-54,58,61,106,157)  as 
well  as  an  isolated  perfused  heart  model  (45,243).  In  this  laboratory,  pre-treatment  with 
heat  stress  resulted  in  improved  maintenance  of  myocardial  contractility  during  in  vivo 
I-R  with  an  associated  500%  increase  in  myocardial  (53).  While  it  is  clear  that  a whole- 
body  heat  stress  can  result  in  a variety  of  cellular  changes  in  addition  to  induction  of 
HSP72,  the  amount  of  HSP72  present  following  whole-body  heat  shock  has  been 
directly  related  to  the  degree  of  myocardial  protection  obtained  (107). 

Perhaps  the  most  compelling  evidence  that  HSP72  provides  cardioprotection  during 
I-R  are  the  experiments  using  transgenic  mice  overexpressing  HSP72.  Hearts  from  these 
transgenic  mice  have  demonstrated  improved  post-ischemic  contractile  function, 
decreased  infarction  size,  and  attenuated  creatinine  release  following  I-R 
(26,106,157,195).  Similarly,  overexpression  of  human  HSP72  in  rat  myogenic  cell  lines 
via  transfection  confers  protection  against  metabolic  stress  (252)  and  ischemia  (171). 
Exercise-induced  HSP72  expression  and  myocardial  protection 

A number  of  myocardial  benefits  have  been  attributed  to  regular  physical  exercise, 
yet  the  exact  mechanism(s)  for  exercise-induced  protection  to  the  myocardium 
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continues  to  be  debated  (22).  Interestingly,  both  chronic  (i.e.,  10-12  weeks)  and  acute 
(1-5  days)  treadmill  exercise  can  induce  HSP72  in  a variety  of  rodent  tissues  including 
the  myocardium  (53,148-150,198,224).  Surprisingly,  as  little  as  one  bout  of  exhaustive 
running  in  rats  has  been  shown  to  increase  HSP72  mRNA  and  protein  in  both  heart  and 
skeletal  muscle  (216).  Hence,  while  the  mechanisms  behind  exercise-associated 
cardioprotection  remain  largely  unknown,  compelling  evidence  exists  that  attributes  at 
least  part  of  the  myocardial  protection  associated  with  exercise  to  increases  in 
expression  of  HSP72  (53,148-150,198). 

The  multiple  physiological  changes  imposed  by  exercise  are  well-described 
(22,146).  However,  the  signal  (s)  by  which  HSP72  is  induced  during  exercise  remains 
unclear.  Possible  mechanistic  links  between  exercise  stress  and  HSP72  induction 
include  (1)  elevation  of  tissue  temperature;  (2)  acceleration  of  ROS  production;  (3) 
disruption  of  intracellular  pH;  (4)  perturbation  of  calcium  homeostasis;  (5)  progressive 
depletion  of  glucose  and  glycogen  stores;  or  (6)  a combination  of  two  or  more  of  these 
biochemical  alterations  (146,148,216). 

Evidence  of  the  relationship  between  exercise-associated  cardioprotection  and 
HSP72  expression  is  growing  (52-54,146,148,198).  In  a study  by  Locke  et  al.,  hearts 
from  control,  heat  stressed,  and  exercised  (3  consecutive  days  of  treadmill  running)  rats 
were  subjected  to  global  I-R.  The  results  revealed  that  an  improved  functional  recovery 
in  both  the  exercised  and  heat  stressed  animals  was  associated  with  large  increases  in 
myocardial  HSP72  (149). 

Our  laboratory  has  completed  a series  of  experiments  to  elucidate  the  effects  of  both 
acute  and  chronic  exercise  on  cardioprotection  during  in  vivo  I-R.  Chronic  endurance 
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training  (10-12  weeks  of  treadmill  running)  resulted  in  a 500%  increase  in  rat 
myocardial  HSP72  (54,198).  Consistent  with  previous  experiments  employing  in  vitro 
models,  HSP72  induction  was  associated  with  improved  contractile  performance  during 
ischemia  and  reperfusion  as  well  as  protection  against  myocardial  lipid  peroxidation 
(54,198).  Acute  exercise  training  (3-5  consecutive  days  of  treadmill  running)  yielded  a 
similar  outcome,  with  significant  induction  of  myocardial  HSP72  paralleled  by 
improved  left  ventricular  developed  pressure  and  rate  of  pressure  development  during  in 
vivo  I-R  (54).  Interestingly,  however,  short-term  exercise  training  in  a cold  environment 
abolished  the  accumulation  on  HSP72  associated  with  exercise,  but  did  not  attenuate  the 
cardioprotection  during  in  vivo  I-R  (91). 

Summary 

While  I-R  injury  to  the  myocardium  is  a significant  clinical  problem,  the  potential 
for  effective  interventions  is  promising.  Among  the  possible  protective  strategies  are 
those  designed  to  improve  antioxidant  capacity  and  those  that  induce  heat  shock 
proteins.  Recent  evidence  suggests  that  exercise-induced  increases  in  HSP72  are 
associated  with  cardioprotection  during  I-R.  Further,  enhanced  antioxidant  defenses  via 
dietary  supplementation  can  provide  protection  against  the  ROS-mediated  injury 
associated  with  I-R.  However,  the  combined  effects  of  exercise  training  and  antioxidant 
supplementation  on  myocardial  I-R  injury  are  unknown.  An  increased  production  of 
ROS  has  been  implicated  as  an  exercise-induced  signal  for  up-regulation  of  HSP72. 
Hence,  while  each  intervention,  independently,  can  protect  the  heart  against  I-R  injury, 
it  is  possible  that  combining  dietary  antioxidant  supplementation  with  exercise  training 
could  have  an  antagonistic  effect  (84,239).  Therefore,  investigation  of  the  individual 
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and  combined  effects  of  short-term  exercise  training  and  supplementation  with 
nutritional  antioxidants  on  the  expression  of  HSP72  and  protection  against  myocardial 
ischemia-reperfusion  injury  is  warranted. 


CHAPTER  3 

METHODS  AND  PROCEDURES 

Animals  and  Experimental  Design 

Female  Sprague-Dawley  rats  (3  months  old)  were  divided  into  two  dietary  groups: 
(1)  control  and  (2)  antioxidant  supplemented.  Animals  in  the  control  group  were  fed  a 
diet  designed  to  meet  the  National  Research  Council’s  recommended  requirements  for 
macro-  and  micronutrients  (AIN93M)  in  the  adult  rat  (203).  The  animals  in  the 
antioxidant-supplemented  group  were  fed  the  AIN93M  diet  supplemented  with  the  7 
antioxidants  listed  in  Table  1.  The  diets  were  professionally  prepared  by  Bio-Serv 
(Frenchtown,  NJ). 


Table  1.  Antioxidant  diet  composition 


Antioxidant  added  to  AIN93M  rodent  diet 

per  kg  of  rodent  diet 

vitamin  E 

1000  IU 

selenium 

0.3  mg 

ascorbic  acid 

1000  mg 

20%  beta-carotene 

225  mg 

coenzyme  Qio 

30  mg 

N-acetyl  cysteine 

200  mg 

catechin 

100  mg 
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After  completing  a 6-week  feeding  protocol,  rats  within  each  dietary  group  were 
further  randomized  to  receive  five  consecutive  days  or  treadmill  training  (following  one 
week  of  habituation  to  the  treadmill)  or  to  remain  sedentary.  Finally,  following  a total  of 
eight  weeks  of  feeding,  each  of  these  groups  was  further  randomized  into  one  of  three 
surgical  treatment  groups:  (1)  sham  surgery;  (2)  short-term  in  vivo  I-R  (20  minutes 
ischemia/30  minutes  reperfusion);  or  (3)  long  term  in  vivo  I-R  (60  minutes  ischemia/120 
minutes  reperfusion).  Sham  surgery  animals,  which  were  used  for  assessment  of 
antioxidant  capacity,  underwent  all  surgical  procedures  with  the  exception  of  coronary 


artery  occlusion  and  reperfusion.  The  20-minute  ischemia/30-minute  reperfusion  group 


provided  a model  of  myocardial  stunning  while  the  60-minute  ischemia/ 120-minute 


reperfusion  group,  in  contrast,  served  as  a model  for  myocardial  infarction  (figure  1 ). 


Measurements  of 
in  vivo  contractile 
performance,  lipid 
peroxidation, 
protein  oxidation, 


HSP72/73 


Measurement  of  infarction  size 


Measurement  of 
total  antioxidant 
status,  enzymatic 
antioxidants, 
glutathione 


Figure  1.  Experimental  Design;  20I/30R=20  min  ischemia/30  min  reperfusion; 
60I/120R  = 60  min  ischemia/ 120  min  reperfusion;  Methods  to  be  used  for  analysis  of 
the  eight  surgical  groups  are  indicated  by  dotted,  dashed,  or  solid  bold  boxes. 


33 


Exercise  Training  Protocol 

The  animals  randomized  to  exercise  training  groups  performed  a short-term  training 
protocol  beginning  with  five  days  of  habituation  to  the  motorized  treadmill,  each  with 
increasing  exercise  duration  (i.e.,  10  minutes  on  day  one,  20  minutes  on  day  two,  etc., 
until  50  minutes  is  achieved  on  day  five).  Following  this  habituation  period,  animals 
underwent  five  consecutive  days  of  treadmill  running  (60  minutes/day)  at  30 
meters/minute  or  approximately  at  60-70%  of  V02max  (13 1,227).  This  protocol  has 
been  shown  to  induce  myocardial  HSP72  expression  in  adult  rats  (53,55,197-198). 

In  Vivo  Myocardial  Ischemia-Reperfusion  Protocol 

At  the  completion  of  the  feeding  and  exercise  protocols  (24  hours  following  the 
final  exercise  bout  in  trained  animals),  rats  were  anesthetized  with  40  mg-kg'1  sodium 
pentobarbital,  intubated  with  a 14-gauge  polystyrene  tube  by  tracheostomy,  and 
ventilated  with  room  air  using  a small  animal  ventilator  (Columbus  Instruments, 
Columbus.Ohio).  Rectal  temperature  was  monitored  via  a thermistor  probe  throughout 
the  experiments  (Yellow  Springs  Instruments,  Yellow  Springs,  Ohio).  Body 
temperature  was  maintained  at  approximately  37°C  with  a heated  operating  platform. 
Both  arterial  blood  gas  and  pH  homeostasis  were  carefully  maintained  throughout  the 
long-term  surgical  protocol.  The  surgeon  performing  the  I-R  protocol  was  blinded  to 
the  experimental  groups. 

The  heart  was  accessed  via  left  thoracotomy  and  a ligature  was  placed  around  the 
left  anterior  descending  coronary  artery,  close  to  its  origin.  Coronary  occlusion  was 
achieved  by  passing  both  ends  of  the  ligature  through  a small  plastic  tube  that  was  then 
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pressed  on  the  surface  of  the  heart  directly  above  the  left  anterior  descending  coronary 
artery.  Coronary  occlusion  was  considered  successful  with  the  appearance  of  frank 
cyanosis  on  a major  portion  of  the  left  ventricular  wall.  The  resulting  arterial  occlusion 
was  maintained  for  either  20  or  60  minutes  by  clamping  the  plastic  tube  and  ligature 
with  small  hemostats.  Reperfusion  was  achieved  by  removing  the  clamp  and  the  tube 
and  maintained  for  either  30  minutes  or  120  minutes.  Reperfusion  was  considered 
complete  with  the  observation  of  immediate  resolution  of  cyanosis.  This  in  vivo  I-R 
technique  has  been  used  successfully  in  this  laboratory  for  five  years  (198). 

Measurement  of  Cardiac  Contractile  Function 
Measurements  of  cardiac  function  in  vivo  were  performed  prior  to  ischemia  and 
throughout  ischemia  and  reperfusion.  Cardiac  function  measurements  included  left 
ventricular  developed  pressure  (LVDP),  rate  of  ventricular  pressure  development  and 
relaxation  (±dP/dt),  and  electrocardiographic  function.  Ventricular  pressures  were 
measured  by  placing  a catheter  filled  with  heparinized  saline  into  the  left  ventricular 
cavity  via  the  carotid  artery  using  techniques  described  by  Geenen  et  al.  (80).  The 
catheter  was  attached  to  a pressure  transducer  interfaced  with  a computerized  heart 
performance  analyzer  (Digi-Med.  Louisville,  KY).  A standard  limb  lead  ECG  (lead  II) 
was  monitored  continuously  using  an  amplifier  (Grass  Instruments,  Quincy,  MA)  and 
an  oscilloscope  (BK  Precision,  Placentia.  CA).  Rats  with  more  than  3 episodes  of 
ventricular  fibrillation,  or  an  episode  of  ventricular  fibrillation  that  persists  longer  than 
30  seconds,  were  eliminated  from  the  study.  In  rats  exhibiting  ventricular  fibrillation, 
cardioversion  was  attempted  first  by  gentle  massage  of  a non-cyanotic  region  of  the 
heart  and  then  by  electrical  pacing  (3-5  v/0.1  ms  duration/300  bpm)  as  necessary. 
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Assessment  of  Myocardial  Infarction  Size 

Following  completion  of  the  60  minutes  ischemia/ 120  minutes  reperfusion 
protocol,  hearts  were  prepared  for  quantification  of  the  area  of  infarcted  tissue  using  a 
gross  histochemical  staining  technique  (i.e.  triphenyl  tetrazolium  chloride  (TTC)  tissue 
enzyme  staining  technique).  Tetrazolium  dyes  form  brick  red  colored  precipitates  in  the 
presence  of  intact  dehydrogenase  enzyme  systems.  Infarcted  tissue  lacks 
dehydrogenase  enzyme  activities  and  is,  therefore,  left  unstained.  The  reliability  and 
validity  of  the  TTC  technique  are  now  well  documented  (16,70,107). 

Briefly,  at  the  end  of  120  minutes  reperfusion,  the  coronary  artery  was  re-occluded 
and  1 ml  of  Evans  blue  dye  was  injected  directly  into  the  left  ventricle  via  the  left 
ventricular  catheter.  After  injection  of  the  dye,  the  heart  was  removed  within  10 
seconds,  rinsed  to  remove  excess  dye,  and  sliced  into  ~ 1.5mm  thick  cross  sections  (five 
slices  distal  and  perpendicular  to  the  occlusion  site).  Slices  were  photographed  and  the 
areas  not  stained  blue  by  the  Evans  dye  were  interpreted  as  the  “area  at  risk”  for 
infarction  (48).  Heart  slices  were  then  incubated  (within  five  minutes  of  removal  from 
the  animal)  in  1%  TTC  at  37°C  for  20  minutes.  Following  TTC  staining,  tissue  slices 
were  placed  in  10%  formalin  for  ~24  hours.  Finally,  the  formalin-fixed  heart  sections 
were  photographed  and  the  areas  at  risk  for  infarction  and  infarcted  regions  were 
quantified  using  computerized  image  analysis  in  a blinded  fashion.  Infarct  size  in  each 
histologic  section  was  expressed  as  a percentage  of  the  area  at  risk  in  each  slice. 
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Tissue  Removal,  Storage,  and  Preparation 

Tissue  removal 

At  the  conclusion  of  the  20  minutes  ischemia/30  minutes  reperfusion  and  the  sham 
surgical  protocols,  hearts  were  removed  and  rapidly  frozen  for  subsequent  biochemical 
analysis.  Prior  to  freezing,  the  heart  was  rinsed  free  of  blood  using  a cold  antioxidant 
buffer  containing  50  mM  NaHP04,  0.1  mM  butylated  hydroxytoluene,  and  0.1  mM 
diethylenetriaminepentaacetic  acid  (pH  7.4)  and  sectioned  into  small  portions  for  ease 
of  analysis  without  the  risk  of  freeze-thaw  damage.  Briefly,  hearts  from  the  animals 
undergoing  20  minutes  ischemia/30  minutes  reperfusion  were  divided  into  left 
ventricular  free  wall,  right  ventricular  free  wall,  intraventricular  septum,  and  atrial 
portions.  The  left  ventricle  was  further  divided  into  three  equal  portions  via  transverse 
sectioning  distal  to  the  occlusion  site  and  roughly  perpendicular  to  the  axis  of  the  heart. 
Sham  surgery  hearts  were  freeze  clamped  using  liquid  nitrogen  and  aluminum  tongs  for 
optimal  measurement  of  glutathione  concentration. 

Preparation  of  protein  extract 

The  distal  portions  (apex)  of  the  left  ventricles  from  20  minutes  ischemia/30  minutes 
reperfusion  animals  were  thawed  and  homogenized  in  5 volumes  of  extraction  buffer 
(10  mM  NaCl,  lOmM  Trizma  Base,  0.1  mM  EDTA,  15mM  P-mercaptoethanol.  0.1  mM 
PMSF,  lpM  leupeptin,  0.3pM  aprotinin,  pH  7.6),  at  4°C  at  5000  rpm  using  a glass-on- 
glass  homogenizer.  Tissue  homogenates  were  centrifuged  at  15,000xg  for  20  minutes. 
After  determining  the  protein  concentration  of  the  supernatant  using  the  Bradford 
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technique  (25),  the  supernatant  was  then  stored  at  -80°C  for  subsequent  HSP72  and 
HSP73  western  blotting. 

Polyacrylamide  Gel  Electrophoresis  and  Western  Blotting 

Protein  extracts  from  rat  heart  homogenates  was  mixed  with  Laemmli  sample  buffer 
to  a final  of  concentration  2.5mg/ml.  This  mixture  was  heat  denatured  for  4 minutes  and 
separated  on  a 1 2%  polyacrylamide  gel  (60pg  protein  per  lane)  along  with  a low  range 
pre-stained  SDS-PAGE  standard.  Separated  proteins  were  then  transferred  to 
nitrocellulose  membranes  (0.45pm  thick)  using  the  Bio-Rad  (Hercules,  CA)  transfer 
cell.  Membranes  were  incubated  with  3%  BSA  in  TTBS  for  2 hours,  and  then  with 
HSP72  and  HSP73  specific  monoclonal  antibodies  for  4 hours  (StressGen,  Victoria, 
Canada).  The  membranes  were  then  incubated  secondary  antibodies  conjugated  to 
horseradish  peroxidase  for  enhanced  chemiluminescent  detection  (Amersham 
Pharmacia  Biotech,  Piscataway,  NJ).  Quantification  of  the  bands  from  the  immunoblots 
was  performed  using  computerized  densitometry.  Average  intensities  of  HSP72  and 
HSP73  bands  from  control  samples  were  designated  as  100%  and  intensities  of 
individual  protein  bands  were  expressed  as  a percentage  of  control. 

Assessment  of  Myocardial  Antioxidant  Status 
Biochemical  assessment  of  antioxidant  enzyme  activity 

To  determine  if  the  dietary  treatments  altered  endogenous  antioxidant  enzyme 
activity,  a small  sample  of  the  left  ventricle  from  all  animals  was  assayed  to  determine 
the  activities  of  total  superoxide  dismutase  (SOD),  manganese  superoxide  dismutase 
(MnSOD),  copper-zinc  superoxide  dismutase  (Cu-ZnSOD),  glutathione  peroxidase 
(GPX),  and  catalase  (CAT).  Homogenate  was  prepared  in  cold  100  mM  phosphate 
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buffer  w/  0.05%  bovine  serum  albumin  (1 :20  wt/vol;  pH  = 7.4)  and  centrifuged  at  400  x 
g for  10  minutes.  The  supernatant  was  then  assayed  for  total  SOD.  MnSOD  and  Cu- 
ZnSOD  using  the  cytochrome  c reduction  technique  of  McCord  and  Fridovich  (164). 
Selenium  GPX  activity  was  then  assayed  as  described  by  Flohe  and  Gunzler  (71).  CAT 
was  assayed  using  the  protocol  described  by  Aebi  (2)  and  modified  by  Ji  et  al.  (112). 
Coefficients  of  variation  for  SOD,  GPX,  and  CAT  assays  in  this  laboratory  are  ~4,  5 
and  3 percent,  respectively.  These  and  other  spectrophotometric  biochemical  analyses 
were  performed  in  triplicate  or  quadruplicate  at  25  C,  and  samples  from  all  experimental 
animals  were  assayed  on  the  same  day  to  avoid  interassay  variation. 

Total  antioxidant  capacity  assay 

The  assay  kit  for  measuring  the  total  antioxidant  capacity  was  purchased  from 
Randox  Laboratory  (Antrim.  UK).  Briefly,  a peroxidase  (metmyoglobin)  reacts  with 
hydrogen  peroxide  to  form  ferrylmyoglobin,  a free  radical  species.  A chromagen,  2,2’- 
amino-di-[3-ethylbenzithiazole  sulphonate],  is  incubated  with  ferrylmyoglobin  to 
produce  a radical  cation.  This  cation  product  has  a relatively  stable  blue  green  color, 
which  is  measured  spectrophotometrically  at  600  nm  using  a plate  reader  (Spectramax 
Plus,  Molecular  Devices,  Sunnyvale,  CA).  Antioxidants  in  the  added  tissue  sample 
cause  suppression  of  this  color  production  proportional  to  the  antioxidant  concentration. 
The  assay  is  standardized  using  6-hydoxy-2,5,8,-tetramethylchroman-2-carboxylic  acid 
and  the  results  are  expressed  as  nmol/mg  of  protein  (myocardial  tissue)  or  mmol/1 
(plasma). 
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Biochemical  Indicators  of  Oxidative  Stress 

Two  damaging  processes  that  occur  due  to  ROS  are  peroxidative  damage  to  lipids 
and  oxidation  of  proteins.  To  determine  the  extent  of  both  lipid  peroxidation  and  protein 
oxidation  in  the  myocardium  after  I-R,  the  following  methods  were  used. 

Lipid  peroxidation  measurements 

To  determine  the  amount  of  radical-mediated  oxidative  damage  in  the  heart,  left 
ventricular  levels  of  two  by-products  of  lipid  peroxidation  were  measured.  Lipid 
hydroperoxides  were  quantified  using  the  ferrous  oxidation/xylenol  orange  technique 
reported  by  Hermes-Lima  (102).  Briefly,  following  tissue  homogenization  in  methanol, 
the  membrane  peroxides  are  mixed  in  solution  with  an  iron  source  (FeSCL),  an  acid 
(H2SO4)  and  a reactive  dye  (xylenol  orange).  In  this  mixture,  the  membrane  peroxides 
oxidize  Fe2+  to  Fe3+  and  the  peroxides  are  reduced.  The  ionized  acid  assists  in  the 
reduction.  The  FeJ+  then  reacts  with  the  xylenol  orange  to  form  a Fe3+-xylenol  orange 
complex.  Originally  yellow  in  dye  form,  the  Fe3+-xylenol  complex  changes  to  a purplish 
color  that  can  be  detected  spectrophotometrically  at  580nm.  Cumene  hydroperoxide  was 
used  to  generate  a standard  curve  the  standard  for  this  assay. 

In  addition  to  lipid  hydroperoxides,  total  8-isoprostane  was  quantified  by 
competitive  enzyme  immunoassay  as  per  manufacturer’s  instruction  (Cayman 
Chemical,  Ann  Arbor,  MI).  Measurement  of  8-isoprostane,  a member  of  the  eicosanoid 
family,  is  based  on  the  competition  between  8-isoprostane  and  an  8-isoprostane- 
acetylcholinesterase  conjugate  for  a limited  amount  of  the  8-isoprostane  polyclonal 
antiserum.  Briefly,  following  homogenization  in  methanol,  samples  were  extracted  and 
hydrolyzed  via  incubations  in  100%  ethanol  and  15%  potassium  hydroxide.  Resultant 
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samples  were  then  purified  on  a methanol-activated  Sep-Pak  Cl  8 column  and 
evaporated  to  dryness  using  a Supelco  (Bellefonte,  PA)  vacuum  centrifugation  system. 
The  remaining  residue  was  then  redissolved  in  EIA  buffer,  placed  in  microplates  coated 
with  antibody,  and  mixed  with  antiserum  to  8-isoprostane  and  8-isoprostane  linked  to 
acetylcholinesterase.  Following  a 24-hour  incubation,  wells  were  washed  free  of 
unbound  reagents  and  Ellman’s  reagent  was  added  to  facilitate  spectrophotometric 
measurement  at  412nm.  Standard  curves  constructed  using  known  concentrations  of  8- 
isoprostane  were  used  to  quantify  total  8-isoprostane  concentration  in  the  samples. 
Protein  oxidation 

I-R-induced  myocardial  protein  oxidation  was  assessed  using  two  methods.  First, 
left  ventricular  protein  thiols  were  measured  spectrophotometrically  as  described  by 
Jocelyn  (115).  Briefly,  this  assay  measures  the  quantity  and  proportion  of  sulfhydryl 
groups  (-SH)  within  the  tissue  compartments.  The  total  amount  of  cellular  thiols  were 
determined  by  mixing  DTNB  (a  sulfhydryl  reagent  that  detects  thiols)  with  tissue 
homogenate  and  quantifying  spectrophotometrically  at  412nm.  DTNB  was  then  reacted 
with  homogenate  following  acid  precipitation  of  proteins.  Protein-bound  thiol  content 
was  obtained  mathematically  by  subtracting  the  non-protein  bound  thiol  concentration 
from  the  total  thiol  concentration. 

In  addition  to  measuring  thiols,  total  protein  carbonyl  content  was  assayed 
spectrophotometrically  as  described  by  Reznick  and  Packer  (207),  with  modifications 
reported  by  Yan  et  al.  (261).  Tissue  protein  was  extracted  in  a protease-treated  0. 1 M 
phosphate  buffer  inhibitor  (0.5  pg/ml  leupeptin,  0.5  pg/ml  aprotinin,  40  pg/ml 
phenylmethylsulfonylfluoride.  1 mM  EDTA),  pH  7.4.  DNA  was  removed  from  samples 
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by  treatment  with  1 % streptomycin.  The  samples  were  then  treated  with  1 mM  2.4 
dinitrophenylhydrazine  (DNPH).  The  pellets  were  sonicated  and  washed  three  times  in 
an  ethyl  acetate-ethanol  solution  (1:1  vol/vol).  Following  the  final  wash,  pellets  were 
dissolved  (using  sonication)  in  6 M guanidine  hydrochloride,  pH  2.3.  Tissue  protein 
carbonyl  content  was  quantified  spectrophotometrically  at  370  nm  (extinction 
coefficient  22,000  1 mof'cm’1)  and  normalized  to  protein  concentration  as  measured  at 
280  nm. 

Model  Justification 

The  Sprague  Dawley  rat  was  chosen  as  an  experimental  model  for  the  following 
reasons:  (1)  the  nature  of  these  invasive  experiments  prevents  the  use  of  human 
subjects;  (2)  the  Sprague  Dawley  rat  is  highly  inbred  and  does  not  display  large  inter- 
animal variation  in  coronary  collateral  circulation  (48.85);  (3)  the  Sprague  Dawley  rat 
is  an  accepted  model  for  the  study  of  myocardial  adaptations  (1 14,137,186,197);  and 
(4)  this  laboratory  has  had  extensive  experience  with  this  strain.  Because  there  is  no 
evidence  that  gender  differences  exist  in  myocardial  responses  to  I-R,  exercise  training, 
or  to  dietary  antioxidant  supplementation,  the  female  Sprague  Dawley  rat  was  chosen 
based  on  experience  with  this  gender  (1 10,1 14,137).  The  rats  were  five  months  old  at 
the  time  of  sacrifice,  an  age  representative  of  a young  adult  animal  (159). 

The  antioxidant  diet  was  chosen  to  provide  global  antioxidant  protection  in  both 
aqueous  and  lipid  phases  of  cells.  Specific  doses  of  antioxidants  in  the  experimental 
diet  were  selected  based  on  work  of  others  demonstrating  improvements  in 
antioxidant  capacity  in  a variety  of  rodent  tissues  (37-41,127,185). 
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Because  myocardial  stunning  and  myocardial  infarction  are  distinct  injuries  and 
remains  unknown  whether  the  two  conditions  share  common  mechanisms,  two  separate 
in  vivo  I-R  protocols  were  employed  in  these  studies  (17-21).  A 20-minute  ischemic 
period  followed  by  30  minutes  of  reperfusion  was  chosen  as  a model  of  myocardial 
stunning  and  a 60-minute  ischemic  period  followed  by  two  hours  of  reperfusion  was 
selected  to  investigate  the  effects  of  the  interventions  on  infarction  (21).  The  in  vivo 
surgical  procedure  used  in  these  experiments  has  been  used  successfully  by  numerous 
investigators  and  has  been  shown  to  result  in  both  regional  myocardial  ischemia  and 
reperfusion  (259-260).  We  believe  that  the  inter-animal  differences  inherent  to  in  vivo 
surgical  techniques  are  clinically  relevant  and  probably  better  reflect  the  types  of  I-R 
insults  that  occur  in  humans  than  do  in  vitro  models. 

Statistical  Analyses 

All  dependent  measures  (contractile  parameters,  antioxidant  concentrations,  enzyme 
activities,  markers  of  oxidative  damage,  and  HSP  72/73  accumulation)  were  subjected 
to  two-way  analyses  of  variance.  When  appropriate,  post  hoc  analyses  were  applied. 
Significance  was  established  a priori  at  p<0.05. 


CHAPTER  4 
RESULTS 

Overview  of  Experimental  Findings 

These  experiments  examined  the  individual  and  combined  effects  of  dietary 
supplementation  with  antioxidants  and  short-term  exercise  training  on  myocardial 
performance  and  biochemical  responses  during  in  vivo  I-R  in  the  adult  rat.  The  major 
findings  of  the  study  were  that  exercise  training  resulted  in  improved  cardiac 
performance  during  both  ischemia  and  reperfusion  regardless  of  diet  (figure  2). 
Antioxidant  supplementation  did  not  have  a detrimental  effect  on  the  cardioprotection 
associated  with  exercise  despite  an  associated  attenuation  of  HSP72  (figure  3).  In 
addition  to  improved  cardiac  performance  during  a relatively  short  “stunning”  protocol, 
exercise  training,  independent  of  diet,  protected  the  heart  against  myocardial  infarction 
following  a long-term  I-R  protocol  (figure  4).  Supplementation  with  antioxidants, 
however,  provided  superior  protection  against  lipid  peroxidation  and  protein  oxidation 
following  short-term  I-R  (figure  5)  compared  with  exercise  training  alone.  Details  of 
experimental  findings  are  outlined  in  the  following  sections. 

Antioxidant  Intake 

Animals  tolerated  the  antioxidant-supplemented  diet  well  and  no  differences  in  food 
intake  existed  between  the  control  diet  and  antioxidant  diet  groups.  Antioxidant  intake 
is  summarized  in  Table  2. 
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Table  2.  Food  and  antioxidant  intake 

Group: 

Control 

Untrained 

Control 

Trained 

Antioxidant 

Untrained 

Antioxidant 

Trained 

Avg.  body  wt  (g) 

291 

280 

303 

288 

Avg.  food  intake  (g/day) 

15.2 

14.7 

15.0 

15.0 

Vitamin  E (IU/day) 

1.14 

1.07 

14.90 

15.17 

Selenium  (mg/day) 

0.0004 

0.0004 

0.0045 

0.0045 

Vitamin  C (mg/day) 

0 

0 

14.90 

15.17 

(3-carotene  (mg/day) 

0 

0 

3.35 

3.41 

N-acetyl  cysteine  (mg/day) 

0 

0 

2.98 

3.03 

Catechin  (mg/day) 

0 

0 

1.49 

1.52 

Coenzyme  Qio  (mg/day) 

0 

0 

0.45 

0.45 

Myocardial  Contractile  Function 

Myocardial  contractile  performance  was  assessed  throughout  an  in  vivo  I-R 
“stunning”  protocol  utilizing  a fluid  filled  carotid  catheter  advanced  into  the  left 
ventricle.  The  impact  of  individual  and  combined  treatment  with  antioxidants  and 
exercise  training  on  left  ventricular  developed  pressure  during  the  20-minute  ischemia/ 
30-minute  reperfusion  protocol  is  illustrated  in  figure  2.  Left  ventricular  developed 
pressure  (LVDP)  was  significantly  (p<0.05)  higher  at  two  and  five  minutes  of  ischemia 
in  the  exercise-trained  groups  compared  to  sedentary  groups  regardless  of  diet.  Trained 
animals  fed  a control  diet  maintained  higher  (p<0.05)  LVDP  throughout  reperfusion 
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compared  to  untrained  animals  fed  a control  diet;  by  minute  three  of  reperfusion,  the 
antioxidant-supplemented/trained  group  also  achieved  significantly  (p<0.05)  higher 
LVDP  compared  to  sedentary  controls.  By  minute  10  of  reperfusion,  antioxidant- 
supplemented/trained  groups  had  higher  (p<0.05)  LVDP  than  the  untrained 
counterparts.  Although  LVDP  tended  to  be  higher  in  the  antioxidant  supplemented/ 
untrained  animals  compared  to  the  control  diet/untrained  group,  these  differences  were 
not  significant  (p>0.05) 
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Figure  2.  Left  Ventricular  Developed  Pressure  (20  min  Ischemia/30  min  Reperfusion); 
open  circles  (O)  = sham  surgery;  filled  diamonds  (♦)  = control  diet/untrained;  filled 
triangles  (A)  = control  diet/trained;  filled  squares  (■)  = antioxidant  diet/untrained; 
filled  circles  ( • ) = antioxidant  diet/trained.  * = control  diet/untrained  significantly 
different  than  control  diet  trained;  # = control  diet/untrained  significantly  different  than 
antioxidant  diet/trained;  ! = antioxidant  diet/untrained  significantly  different  than 
antioxidant  diet/trained;  $ = antioxidant  diet/untrained  significantly  different  than 
control  diet/trained  (p<0.05). 
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Myocardial  Infarction 

Myocardial  infarction  was  assessed  following  60  minutes  of  ischemia  and  120 
minutes  of  reperfusion  using  the  TTC  staining  technique.  No  significant  differences 
existed  between  groups  with  respect  to  area  at  risk  for  infarction  (figure  3).  As  shown  in 
figure  4,  control  diet/untrained  animals  had  a significantly  greater  infarction  area  than 
all  other  groups  (p<0.05).  No  difference  existed  between  the  remaining  three  groups 
(p>0.05).  Representative  heart  sections  stained  for  area  at  risk  and  for  infarction  are 
shown  in  figure  5. 


Figure  3.  Risk  Area  expressed  as  a percentage  of  the  heart;  values  are  means  ± SEM;  no 
significant  differences  among  groups  (p>0.05). 
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Figure  4.  Infarction  area  expressed  as  a percentage  of  the  area  at  risk;  values  are  means 
± SEM;  * indicates  less  than  control  untrained  (p<0.05). 
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Figure  5.  Representative  heart  sections  stained  for  infarction  following  long-term  I-R. 
Blue  stained  areas  represent  tissues  that  were  well  perfused  during  coronary  occlusion. 
Brick  red  areas  represent  tissue  that,  despite  ischemia,  was  not  infarcted.  Yellowish- 
white  areas  represent  infarcted  tissue  (indicated  by  arrows).  A = control  diet/untrained; 
B = antioxidant  diet/untrained;  C = control  diet/trained;  D = antioxidant  diet/trained. 
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Myocardial  HSP72  Accumulation 

Portions  of  the  left  ventricular  free  wall  were  used  for  quantification  of  HSP72 
protein  accumulation.  Results,  summarized  in  figure  6,  demonstrate  a significantly 
greater  (p<0.05)  accumulation  of  HSP72  following  exercise  training  in  the  control  diet 
fed  animals  compared  to  untrained  groups.  However,  exercise  training  did  not  result  in 
significant  increases  in  HSP72  accumulation  in  antioxidant  supplemented  animals 
(p>0.05).  No  differences  were  observed  in  the  accumulation  of  the  constitutive  isoform 
HSP73  (data  not  shown). 
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Figure  6.  Left  ventricular  HSP72.  (a)  Histogram  comparing  densitometric  analyses  of 
all  western  blots;  values  are  means  ± SEM;  * indicates  greater  than  all  other  groups 
(p<0.05);  (b)  Representative  western  blot  for  HSP72;  Lane  1 = control  diet  untrained; 
Lane  2 = control  diet  trained;  Lane  3 = antioxidant  diet  untrained;  Lane  4 = antioxidant 
diet  trained. 
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Total  Antioxidant  Capacity 

To  evaluate  the  effect  of  experimental  interventions  (diet  and  activity)  on  the  global 
antioxidant  capacity  of  heart  tissue,  the  Total  Antioxidant  Status  (TAS)  kit  was 
employed.  TAS  was  assayed  in  plasma  (figure  7a)  and  left  ventricular  tissue  samples 
(figure  7b)  from  sham  surgery  animals  only  and,  therefore,  does  not  reflect  the  impact 
of  ischemia  or  reperfusion.  Antioxidant  diet-fed  animals  had  significantly  higher 
(p<0.05)  TAS  compared  to  control  diet-fed  rats.  Interestingly,  exercise  training  resulted 
in  a decrease  in  plasma  TAS  (p<0.05). 

Myocardial  Antioxidant  Enzyme  Activity 
Table  3 contains  mean  (±  SEM)  activities  of  myocardial  glutathione  peroxidase 
(GPX),  total  superoxide  dismutase  (SOD),  manganese  superoxide  dismutase  (MnSOD), 
copper-zinc  superoxide  dismutase  (Cu-ZnSOD),  and  catalase  (CAT).  Antioxidant 
enzyme  activities  were  assayed  in  left  ventricular  tissues  from  sham  surgery  animals 
and,  therefore,  do  not  reflect  the  impact  of  ischemia  or  reperfusion  on  enzyme  activities. 
Total  and  MnSOD  activity  was  higher  in  both  exercise-trained  groups,  regardless  of 
diet,  compared  to  sedentary  groups  (p<0.05).  While  no  differences  in  CAT  activity 
existed  between  groups,  GPX  activity  was  significantly  higher  in  the  antioxidant/trained 
group  compared  to  all  other  groups  (p<0.05). 
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Figure  7.  Assessment  of  total  antioxidant  status;  (a)  Total  antioxidant  status  of  plasma; 
values  are  means  ± SEM;  * indicates  different  than  all  other  groups  (p<0.05);  (b)  Total 
antioxidant  status  of  left  ventricular  tissues;  values  are  means  ± SEM;  * indicates 
different  than  control  trained  and  control  untrained  (p<0.05);  ! indicates  different  than 
control  untrained  (p=0.059). 
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Table  3.  Summary  of  the  effects  of  exercise  training  and  antioxidant  supplementation  on 
endogenous  antioxidant  enzyme  activity  (values  are  means  ± SEM) 


Control  Diet 

Antioxidant  Diet 

Enzyme  (activity 

Untrained 

Trained 

Untrained 

Trained 

per  mg  protein) 

(n=ll) 

(n=l  1) 

(n=H) 

(n=10) 

GPX  (pmol/min) 

0.25510.007 

0.24710.020 

0.21710.011 

0.30510.0 18b 

Total  SOD  (U) 

45.8511.18 

54.8913.213 

45.5312.42 

55.3916. 10a 

MnSOD  (U) 

32.7310.98 

37.06i2.303 

31.6412.11 

39.3814.983 

CuZnSOD  (U) 

13.1211.69 

17.8313.68 

13.8912.38 

16.0112.61 

CAT  (U) 

1.7910.14 

1.6610.08 

1.4910.16 

1.6910.16 

a - different  than  both  untrained  groups  (p<0.05) 
b = different  than  all  other  groups  (p<0.05) 


Lipid  Peroxidation 

Two  markers  of  lipid  peroxidation  were  used  to  determine  the  effects  of  exercise 
and  antioxidants  on  left  ventricular  damage  resulting  from  the  short-term  I-R  exposure. 
Figures  8a  and  8b  contain  the  mean  (±  SEM)  values  for  myocardial  lipid  hydro- 
peroxides and  8-isoprostane  concentrations  in  all  experimental  groups,  respectively.  A 
brief  summary  of  the  major  findings  is  as  follows.  First,  note  that  these  two  markers  of 
lipid  peroxidation  follow  similar  trends  with  lipid  peroxidation  being  less  in  all 
antioxidant-supplemented  groups  compared  to  control  diet-fed  groups  (p<0.05). 
However,  only  the  assay  of  8-isoprostanes  detected  significant  elevations  in  lipid 
peroxidation  resulting  from  I-R.  Antioxidant  supplementation  resulted  in  protection  of 
the  left  ventricular  myocardium  from  this  I-R-induced  lipid  peroxidation  (p<0.05). 
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Figure  8.  Left  ventricular  lipid  peroxidation;  (a)  Lipid  hydroperoxide  concentration; 

* indicates  less  than  all  control  diet  groups  (p<0.05)  (b)  8-isoprostane  concentration; 

* indicates  less  than  control  untrained  I/R;  ! less  than  control  untrained  and  trained 
sham;  % less  than  control  trained  I/R  and  less  than  antioxidant  untrained  sham  and  I/R 
(p<0.05). 
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Protein  Oxidation 

Protein  thiols  (figure  9)  and  protein  carbonyls  (figure  10)  were  assayed  as  measures 
of  protein  oxidation  in  the  myocardium  of  all  experimental  groups.  Myocardial  total  and 
protein  thiol  concentrations  were  significantly  lower  (p<0.05)  in  all  I-R  surgery  groups 
compared  to  all  sham  surgery  groups.  While  these  results  are  indicative  of  I-R-induced 
oxidative  stress,  no  differences  in  this  measure  of  protein  oxidation  were  evident  with 
either  antioxidant  supplementation  or  exercise  training.  Protein  carbonyl  concentration 
was  lower  in  all  antioxidant-supplemented  groups  compared  to  control  diet  groups 
(p<0.05). 
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Figure  9.  Left  ventricular  protein  thiol  concentration;  * indicates  less  than  the  respective 
sham  group  (p<0.05). 


nmol/mg  protein 


54 


Figure  10.  Left  ventricular  protein  carbonyl  concentration;  * indicates  less  than  all 
control  diet  groups  (p<0.05). 


CHAPTER  5 
DISCUSSION 

Overview  of  Principal  Findings 

This  is  the  first  experiment  to  examine  the  combined  effects  of  exercise  training  and 
antioxidant  supplementation  on  myocardial  contractile  performance  and  biochemistry 
during  in  vivo  I-R  in  adult  rats.  A major  finding  of  this  study  was  in  support  of  our  first 
hypothesis  that  HSP72  would  be  attenuated  following  the  combined  intervention  of 
exercise  training  and  antioxidant  supplementation  compared  to  exercise  training  alone. 
This  attenuation  of  HSP72,  however,  did  not  decrease  the  exercise-associated 
improvements  in  contractile  performance  during  a short-term  “stunning”  I-R  protocol. 
Further,  exercise  training  and  antioxidant  supplementation,  individually  but  not 
synergistically,  provided  protection  against  infarction  resulting  from  long-term  I-R. 
These  two  findings  did  not  support  our  hypotheses  which  were  based  on  the  notion  that 
the  attenuation  of  HSP72,  resulting  from  concurrent  antioxidant  supplementation  and 
exercise  training,  would  decrease  the  exercise-associated  cardioprotection.  The  final 
finding  was  that  exercise  training  increased  the  activity  of  the  enzymatic  antioxidant 
superoxide  dismutase  while  antioxidant  supplementation  resulted  in  an  improved  global 
antioxidant  capacity  and  protected  the  myocardium  against  I-R-induced  lipid 
peroxidation  and  protein  oxidation.  Details  of  these  findings  follow. 
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Exercise-Associated  Cardioprotection  and  HSP72 

The  current  data  confirm  previous  work  from  this  laboratory  with  endurance 
exercise  training  resulting  in  both  an  increase  in  myocardial  HSP72  accumulation  and 
an  associated  cardioprotection  during  short-duration  in  vivo  I-R  (53-55,198).  While 
transfection  and  transgenic  models  demonstrating  the  relationship  between  HSP72 
overexpression  and  protection  against  I-R-induced  myocardial  injury  are  convincing, 
new  evidence  suggesting  that  HSP72  is  not  essential  for  exercise-associated 
cardioprotection  is  compelling.  Taylor  and  colleagues  recently  demonstrated  that 
exercise  in  that  absence  of  HSP72  accumulation  results  in  improved  cardiac 
performance  during  an  in  vitro  model  of  I-R  (235).  We  have  recently  confirmed  these 
results  using  an  in  vivo  model  of  I-R  and  have,  additionally,  found  no  compensatory 
increases  in  HSP10,  27,  40,  60,  73,  or  90  in  the  absence  of  HSP72  despite  a 
perseverance  of  the  exercise-associated  cardioprotection  (91).  The  findings  of  these 
experiments  contribute  to  the  accumulating  notion  that  HSP72  may  not  be  mandatory 
for  exercise  training  to  confer  cardioprotection.  That  is,  exercise  in  conjunction  with 
antioxidant  supplementation  resulted  in  a significant  attenuation  of  HSP72 
accumulation  but  did  not  result  in  an  attenuation  of  cardioprotection  during  in  vivo  I-R. 

By  demonstrating  that  antioxidant  supplementation  attenuates  the  exercise- 
associated  accumulation  of  HSP72,  these  experiments  also  strongly  suggest  that 
production  of  ROS  during  exercise  plays  an  important  role  in  the  induction  of  HSP72. 
While  the  specific  stress  responsible  for  HSP  induction  remains  unknown,  it  has  been 
speculated  that  a host  of  physiochemical  stresses  associated  with  exercise,  including  (1) 
increases  in  temperature  or  calcium  concentration;  (2)  decreases  in  pH  or  oxygen 
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content;  (3)  exposure  to  oxidants,  or  (4)  any  other  stresses  capable  of  damaging  protein, 
may  contribute  to  the  exercise-induced  HSP72  accumulation  (147).  Indeed,  reactive 
oxygen  species  have  been  found  to  play  an  important  role  in  the  activation  of  heat  shock 
factor  1 (HSF1)  and  the  appearance  of  increased  amounts  of  HSP72  mRNA 
(13,130,184).  Further,  recent  reports  that  exercise,  in  the  absence  of  an  increase  in 
colonic  temperature,  results  in  cardioprotection  but  no  accumulation  of  myocardial 
HSP72  suggest  that  an  increase  in  body  temperature  is  mandatory  (91,235).  However, 
the  current  experiments  imply  that  exercise  may  involve  a redundant  signaling  pathway 
for  HSP72  induction.  That  is,  enhancing  antioxidant  capacity  attenuated  HSP72 
accumulation  despite  a rise  in  body  temperature.  Clearly,  further  work  is  required  to 
describe  the  cellular  signals  involved  in  the  exercise-induced  expression  of  HSP72. 

Exercise  and  Antioxidants  Attenuate  Infarction  Size 
Current  evidence  supports  a role  for  oxidative  stress  in  the  damage  leading  to 
myocardial  infarction.  Many  have  demonstrated  that  enhancing  antioxidant  capacity 
attenuates  myocardial  infarction  size  following  I-R  (105,138,165,236).  However,  not  all 
studies  have  led  to  the  same  conclusion;  several  investigations  have  found  that 
enhancing  cellular  enzymatic  antioxidant  defenses  has  no  effect  on  infarction  size 
(232,242,245).  The  current  investigation  revealed  a positive  effect  of  a comprehensive 
antioxidant  supplementation  protocol  on  the  infarction  resulting  from  a relatively  severe 
regional  ischemic  bout  (60  minutes)  followed  by  two  hours  of  reperfusion.  Exercise 
training  alone  also  decreased  myocardial  infarction  size  following  I-R  but  was  not 
significantly  different  than  antioxidant  supplementation  alone.  Indeed,  exercise,  along 
with  other  stresses  capable  of  inducing  HSP72,  has  been  shown  to  result  in  smaller 
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infarction  size  (12,157,260).  However,  the  combination  of  short-term  exercise  training 
and  antioxidant  supplementation  did  not  have  either  an  additive  effect  in  protecting  the 
left  ventricle  from  infarction  resulting  from  I-R,  nor  did  the  antioxidant-associated 
attenuation  of  HSP72  result  in  attenuated  protection  against  infarction.  Similar  to  the 
findings  in  the  short-duration  I-R  experiments,  this  finding  contributes  to  the  notion  that 
an  accumulation  of  HSP72  may  not  be  mandatory  for  exercise  training  to  confer 
cardioprotection.  Perhaps  only  basal  amounts  of  HSP72  are  required  to  protect  against 
myocardial  infarction  and  the  exercise-induced  increases  in  SOD  activity  may  be  the 
chief  mechanism  of  protection  against  I-R-induced  injury  (91,260). 

Antioxidant  Supplementation  and  Myocardial  Antioxidant  Capacity 
The  antioxidant  diet  utilized  in  these  experiments  was  modeled  after  diets  used  by 
others  who  demonstrated  protection  of  a variety  of  tissues  against  oxidative  injury  (37- 
41,127,185).  The  supplementation  protocol  used  in  this  study  resulted  in  an  enhanced 
total  antioxidant  capacity  of  both  plasma  and  left  ventricular  tissues.  Given  the  reported 
redox  regulation  of  the  mitochondrial  isoform  of  SOD,  it  is  logical  to  hypothesize  that 
antioxidant  supplementation  might  result  in  a decrease  in  SOD  activity  (244). 
Antioxidant  supplementation  in  this  study,  however,  resulted  in  no  change  in  the 
activity  of  the  primary  antioxidant  enzymes  assayed.  While  a few  reports  of  increased 
SOD  activity  following  antioxidant  supplementation  exist  (182-183),  our  findings  are  in 
agreement  with  the  majority  of  existing  literature  (27,34,184). 

Myocardial  Lipid  Peroxidation 

Lipid  peroxidation,  capable  of  altering  membrane  fluidity  and  permeability,  is  one 
of  the  most  damaging  processes  that  occurs  to  the  myocardium  during  I-R.  Even  small 
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changes  in  the  structure  of  the  phospholipid  membrane  structure  have  been  to  interfere 
with  normal  selective  permeability  of  cell  membranes  (158).  For  example,  lipid 
peroxidation  of  the  sarcoplasmic  reticulum  membrane  can  result  in  altered  calcium 
handling  and  subsequent  contractile  dysfunction  during  I-R  (212).  Lipid  peroxidation 
may  also  cause  disturbances  in  oxidative  metabolism.  Oxygen  radical-mediated  loss  of 
cardiolipin  content  from  mitochondrial  membranes  has  been  proposed  to  be  the  cause  of 
disruptions  in  cytochrome  c oxidase  activity  and  alterations  in  oxidative  metabolism  in 
the  post-ischemic,  reperfused  heart  (190). 

In  this  study,  two  measures  of  lipid  peroxidation  were  used  to  determine  if  dietary 
supplementation  decreased  left  ventricular  oxidative  damage  following  I-R.  Both  assays 
revealed  less  lipid  peroxidation  in  all  antioxidant-supplemented  groups  compared  to 
control  diet-fed  groups.  However,  only  the  ELISA  assay  of  8-isoprostanes  detected 
increases  in  lipid  peroxidation  following  I-R  compared  with  sham  surgery.  Antioxidant 
supplementation,  but  not  exercise  training,  resulted  in  protection  of  the  left  ventricular 
myocardium  from  this  I-R-induced  lipid  peroxidation.  These  findings  are  in  agreement 
with  studies  that  have  reported  decreased  in  vitro  lipid  peroxidation  following 
antioxidant  supplementation  (37,39,127,185).  Importantly,  the  current  study 
demonstrates  that  this  dietary  antioxidant  regimen  decreases  I-R  induced  lipid 
peroxidation  in  vivo.  Others  have,  accordingly,  shown  that  important  “networking” 
antioxidants  such  as  ascorbic  acid,  vitamin  E,  glutathione,  and  ubiquinones  are  depleted 
during  I-R  and  in  the  presence  of  ROS  (95).  Thus,  supplementation  protocols  such  as 
the  one  used  in  these  experiments  may  help  prevent  this  selective  depletion. 


60 


Finally,  these  data  may  provide  information  regarding  the  utility  of  these  two  widely 
used  assays  for  detecting  in  vivo  lipid  peroxidation.  Because  lipid  peroxidation  is  a 
complex  process  occurring  in  multiple  stages,  each  of  the  many  techniques  available  for 
measuring  the  rate  of  peroxidation  measures  something  different  and  no  one  method,  by 
itself,  can  be  said  to  be  an  accurate  overall  measure.  While  the  assay  of  hydroperoxides 
gives  an  estimation  of  peroxidation  in  the  early  stages,  one  must  bear  in  mind  that  this 
measurement  is  highly  dependent  on  the  rate  of  initiation  of  peroxidation  and  on  how 
rapidly  peroxides  are  decomposing  to  other  products  in  the  lipid  peroxidation  pathway 
(90).  F2-isoprostanes,  on  the  other  hand,  arise  primarily  by  peroxidation  of  phospholipid 
containing  arachidonic  acid  (90)  and  may  be  a more  stable  product  to  assay  than  the 
rapidly  removed  peroxides.  Indeed,  it  is  important  to  employ  more  than  one  marker  of 
lipid  peroxidation  to  help  accurately  describe  the  oxidative  damage  to  cellular  lipids. 

Myocardial  Protein  Oxidation 

Oxidative  damage  to  proteins  can  lead  to  functional  alterations  in  receptors, 
signaling  pathways,  enzymes,  membrane  channels,  and  transport  proteins;  further 
secondary  damage  to  other  biomolecules  can  occur  as  a result  of  protein  damage  (i.e., 
via  damage  to  DNA  repair  enzymes  or  polymerases).  Unfortunately,  measuring 
oxidative  damage  to  proteins  remains  a difficult  task  (90).  The  two  general  markers  of 
protein  oxidation  employed  in  these  studies,  protein  thiols  and  protein  carbonyls, 
produced  somewhat  different  results.  As  expected,  myocardial  protein  thiol 
concentrations  were  significantly  higher  in  all  sham  surgery  groups  compared  to  I-R 
groups.  While  these  results  are  indicative  of  I-R-induced  oxidative  stress,  no  differences 
in  this  measure  of  protein  oxidation  were  evident  with  either  antioxidant 
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supplementation  or  exercise  training.  In  contrast,  protein  carbonyl  concentration  was 
lower  in  all  antioxidant-supplemented  groups  compared  to  control  diet  groups. 
However,  due  to  greater  variability  within  the  groups,  only  statistical  trends  existed 
between  sham  and  I-R  surgery  groups. 

The  role  of  HSPs  in  prevention  of  protein  oxidation,  repair  of  damaged  proteins,  and 
facilitation  of  proteolysis  of  damaged  proteins  is  a topic  of  much  interest.  Indeed. 

HSP72  appears  to  play  a role  in  preventing  irreversible  protein  damage  during 
myocardial  I-R  and  could,  theoretically,  result  in  protection  against  formation  of 
carbonyls  or  loss  of  thiol  groups  in  exercise-trained  rats  (12-13,179).  Similarly, 
exercise-associated  increases  in  SOD  activity  could  also  provide  protection  against 
protein  oxidation.  However,  in  this  study,  exercise  training  did  not  result  in  protection 
of  cellular  proteins  against  I-R-induced  protein  oxidation  despite  an  increase  in  HSP72 
accumulation  (control  diet  fed/exercise-trained  group)  and  SOD  activity.  Further,  very 
similar  antioxidant  supplementation  protocols  have  resulted  in  decreases  in  heme 
protein  oxidation  during  in  vitro  oxidative  challenges  (37,39,127).  In  this  study, 
antioxidant  supplementation  increased  total  antioxidant  status  and  resulted  in  lower 
levels  of  protein  carbonyls  in  the  myocardium  in  vivo. 

The  explanation  for  the  disparity  in  our  measures  of  protein  oxidation  is  difficult  to 
provide.  Others  have  reported  variability  with  measurement  of  protein  carbonyls, 
similar  to  that  seen  in  this  study,  likely  arising  from  the  multiple  washing  steps 
necessary  to  eliminate  unbound  DNPH  (207).  Indeed,  our  results  emphasize  the 
importance  of  utilizing  several  measures  when  assessing  protein  oxidation.  Further, 
while  others  have  shown  that  antioxidant  diets  similar  to  the  one  employed  here  have 
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resulted  in  decreases  in  heme  protein  oxidation  during  in  vitro  oxidative  challenges,  the 
protection  of  tissues  against  this  protein  oxidation  was  dependent  on  the  type  of  radical 
generating  system  employed  (37,39,127).  This  is  the  first  investigation  of  the  impact  of 
a comprehensive  antioxidant  supplementation  protocol  on  protein  oxidation  resulting 
from  an  in  vivo  oxidative  event.  It  is  possible  that  the  protection  against  the 
physiological  oxidative  challenge  imposed  by  I-R,  compared  to  an  nonphysiological  in 
vitro  challenge,  may  have  been  too  small  to  detect  with  both  of  the  techniques  employed 
in  this  study.  Another  possible  explanation  is  that  markers  of  protein  oxidation  may 
have  been  impacted  by  reperfusion  length.  This  notion  was  supported  by  Poston  and 
Parenteau  (1992)  who  found  that  carbonyl  levels  rose  during  myocardial  ischemia  and 
were  greater  than  four  fold  higher  than  initial  values  at  five  minutes  of  reperfusion  but, 
with  continued  reperfusion,  declined  to  only  150%  of  initial  values  at  15  minutes  of 
reperfusion  (196).  Finally,  while  care  was  taken  to  prevent  ex  vivo  oxidation  (i.e., 
rinsing  in  an  antioxidant  buffer  and  rapidly  freezing  in  liquid  nitrogen),  tissue  storage 
and  handling  can  impact  tissue  oxidation  status,  particularly  with  respect  to  thiol  groups 
(90). 


Possible  Mechanisms  of  Exercise-Associated  Cardioprotection 

The  mechanisms  for  exercise-induced  cardioprotection  during  myocardial  I-R  in  the 

absence  of  HSP72  remain  speculative.  One  possibility  is  that  exercise-induced 
cardioprotection  is  related  to  an  improvement  in  antioxidant  capacity.  Indeed,  training- 
induced  alterations  in  antioxidant  capacity  appear  to  be  tissue  and  muscle  fiber  type 
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specific  (1 1 1,134).  The  results  of  this  study  were  consistent  with  previous  reports  from 
our  laboratory  and  others,  with  exercise  training  resulting  in  a significant  increase  in  the 
activity  of  MnSOD  (52,91,197-198,260).  Increases  in  the  activity  of  MnSOD  activity, 
resulting  either  from  whole-body  hyperthermia,  exercise  training,  or  overexpression  in  a 
transgenic  mouse  model,  has  been  implicated  in  providing  protection  against 
myocardial  I-R  injury  (38,108,259-260).  Thus,  the  observed  increase  in  SOD  activity  in 
both  exercise-trained  groups  in  this  study  could  be  responsible  for  the  improved 
myocardial  contractile  performance  that  persisted  even  when  HSP72  was  attenuated. 

Another  possible  mechanism  for  exercise-related  cardioprotection  is  an  associated 
increase  in  myocardial  glycolytic  capacity.  This  change  in  bioenergetics  could  translate 
to  an  enhanced  supply  of  ATP  to  compensate  for  the  decrease  in  oxidative 
phosphorylation  that  occurs  during  myocardial  ischemia.  It  is  unlikely,  however,  that  as 
few  as  three  to  five  days  of  training  could  lead  to  such  changes  in  energetics. 

Exercise  training  could  also  result  in  increased  myocardial  vascularity,  an  adaptation 
that  would  assist  in  maintaining  ventricular  blood  flow  during  ligation  of  the  coronary 
arteries  and  permit  ATP  production  via  oxidative  phosphorylation  during  ischemia.  This 
vascular  adaptation  remains  controversial  and,  like  changes  in  glycolytic  capacity,  is 
unlikely  to  occur  with  short-term  training.  Another  possible  exercise-related  adaptation 
is  a longer  diastolic  period  which,  if  coupled  with  increased  vascularity,  could  allow 
greater  perfusion  of  the  myocardium  due  to  the  longer  period  of  coronary  blood  flow 
(14). 

As  reported  in  these  experiments,  exercise  training  results  in  a higher  -dP/dt  which 
is  a reflection  of  calcium  re-uptake  into  the  sarcoplasmic  reticulum.  This  accelerated 
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calcium  re-uptake  is  correlated  with  a more  rapid  ventricular  relaxation  and  a 
correspondingly  longer  diastolic  period.  This  training-induced  change  in  calcium 
handling  is  related  to  expression  of  the  sarcoplasmic  reticulum  calcium  pump.  Activity 
of  the  SR  calcium  pump  is  highly  correlated  with  Ca^+-ATPase  activity  which  has  been 
shown  to  increase  in  the  myocardium  following  exercise  training  (234).  Functionally, 
this  enzymatic  adaptation  could  translate  to  an  increase  in  ventricular  diastole. 

As  demonstrated  by  these  experiments  and  others,  exercise  training  results  in 
enhanced  post-ischemic  left  ventricular  contractile  recovery.  This  improved  ventricular 
contractile  performance  likely  involves  a decrease  in  myocardial  injury  during  I-R  due 
to  any  combination  of  the  following:  (1)  greater  high-energy  phosphate  shuttling,  (2) 
enhanced  calcium  handling  and  inotropic  responsiveness  to  external  calcium,  and  (3) 
decreased  diastolic  stiffness.  Exercise  may  protect  against  myocardial  I-R  injury  by 
decreasing  the  magnitude  of  oxidant  damage  (19,62,1 1 1).  Oxidants  are  produced  in  the 
myocardium  during  reperfusion  and  administration  of  radical  scavengers  attenuates 
myocardial  stunning  (19).  It  is  hypothesized  that  myocardial  stunning  is  due,  at  least  in 
part,  to  oxidation  of  calcium  handling  proteins  within  the  sarcoplasmic  reticulum 
(19,204-205). 

Summary  and  Conclusions 

This  is  the  first  experiment  to  examine  the  combined  effects  of  exercise  training  and 
antioxidant  supplementation  on  myocardial  contractile  performance  and  biochemistry 
during  in  vivo  I-R  in  adult  rats.  Primary  findings  include  the  following:  (1)  exercise- 
associated  increases  in  HSP72  accumulation  are  attenuated  by  dietary  antioxidant 
supplementation;  (2)  attenuation  of  HSP72  did  not  decrease  the  exercise-associated 
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improvements  in  contractile  performance  during  a short-term  '‘stunning”  I-R  protocol: 
(3)  evidence  of  additive  effects  of  antioxidant  supplementation  and  exercise  training  did 
not  exist  with  regard  to  in  vivo  contractile  performance;  (4)  exercise  training  and 
antioxidant  supplementation  provided  individual,  but  not  additive,  protection  against 
infarction  following  relatively  long-term  I-R;  and  (5)  exercise  training  increased  SOD 
activity  while  antioxidant  supplementation  resulted  in  an  improved  global  antioxidant 
capacity  and  protected  the  myocardium  against  I-R-induced  lipid  peroxidation  and 
protein  oxidation  without  altering  antioxidant  enzyme  activity.  Future  research  efforts 
should  be  directed  at  elucidating  the  mechanisms  for  exercise-induced  cardioprotection 
during  myocardial  I-R  in  the  absence  of  HSP72. 
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